Comparison of amputee prosthetic gait when using fixed and hydraulic ankle joints. by Bai, Xuefei
Comparison of Amputee Prosthetic Gait When 
Using Fixed and Hydraulic Ankle Joints 
 
Xuefei Bai 
 
Submitted for the  
Degree of Doctor of Philosophy 
from the 
University of Surrey 
 
 
Centre for Biomedical Engineering 
Faculty of Engineering and Physical Sciences 
University of Surrey 
Guildford, Surrey GU2 7XH, UK 
 
 Xuefei Bai, 2017 
 
 i 
Declaration of Originality 
This thesis and the work to which it refers are the results of my own efforts. Any ideas, data, 
images or text resulting from the work of others (whether published or unpublished) are fully 
identified as such within the work and attributed to their originator in the text, bibliography or in 
footnotes. This thesis has not been submitted in whole or in part for any other academic degree or 
professional qualification. I agree that the University has the right to submit my work to the 
plagiarism detection service TurnitinUK for originality checks. Whether or not drafts have been 
so-assessed, the University reserves the right to require an electronic version of the final 
document (as submitted) for assessment as above. 
  
 ii 
Abstract 
The evaluation of prosthetic ankles/feet and the study of the gait of trans-femoral amputees 
(TFAs) in different walking conditions are essential for improving prostheses design and 
supporting TFA rehabilitation and prostheses selection. To date limited work has been done in 
these areas and this study aimed to address some of the existing limitations by investigating the 
effect of hydraulic ankles/feet (Echelon and Elan) on the gait of conventional TFAs compared 
with a fixed ankle/foot (Esprit) during common daily activities.  
 Five active male unilateral conventional TFAs and fourteen non-amputees participated in this 
research. Spatial-temporal, kinematic and kinetic gait data were determined for level ground self-
selected normal and fast speed walking, 2.5° camber walking, and ascending and descending a 5° 
slope. Assessment of gait symmetry was given particular focus in the data analysis. Participant 
feedback was obtained from questionnaires.  
The results for the conventional TFAs showed significant improvement with the hydraulic 
ankles/feet in the sagittal plane ankle moment Trend Symmetry Index. This may support a claim 
of enhanced prosthetic knee stance stability when using these feet. In addition, greater range in 
prosthetic ankle dorsiflexion/plantarflexion, and increased first vertical ground reaction force peak 
at the prosthetic side were found compared with the fixed ankle/foot. The subject questionnaire 
results supported a preference for the hydraulic ankles/feet over the fixed ankle/foot. There was 
no significant difference found between the Echelon and Elan foot from the gait or questionnaire 
data. The strategies of conventional TFAs for adapting to different activities were compared with 
the non-amputees. When walking on an inclined surface, reduction in impulse at the prosthetic 
limb is an important requirement, as is improvement of balance control. 
Future studies with increased number of conventional TFAs and osseo-integrated TFAs are 
suggested to test the findings on the improvement indicated by the use of hydraulic ankles/feet. 
 
Key words: Trans-femoral Amputees; Hydraulic Ankles/Feet; Trend Symmetry Index; Slope 
Ambulation; Camber Ambulation; Osseo-Integration 
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Chapter 1 
1 Introduction 
1.1 Introduction 
This thesis describes research undertaken to investigate how hydraulic prosthetic ankles/feet 
affect the gait of conventional and osseo-integrated trans-femoral amputees (TFA) during 
common daily activities compared to that when using fixed ankles/feet design. The aim of this 
chapter is to provide an overview of the work undertaken, including the justification and 
hypotheses for the research, and then to review the structure of this thesis.  
1.2 Overview 
The biological ankle joint performs multiple functions in gait, including shock absorption, aiding 
foot clearance, and providing stabilisation on inclined surfaces and rough ground by movement in 
three planes. Accordingly, the gait of amputees can be affected by the different designs of 
prosthetic ankle/feet. The history of the published work on the evaluation of prosthetic ankles/feet 
using gait analysis can be traced back to the 1960s. With the development of prostheses, there are 
continuous demands for the assessment of prosthetic components and improved gait analysis 
techniques can enable better observation and studying of TFA gait. 
 
The purpose of this study was to investigate how conventional TFA gait is influenced by two 
types of prosthetic ankles/feet - hydraulic ankles/feet (in this work represented by the Echelon and 
Elan feet, manufactured by Blatchford, UK) and fixed ankles/feet (represented by the Esprit foot, 
again manufactured by Blatchford, UK) by undertaking a  systematic study on gait in different 
common daily activities: level ground normal and fast speed walking, obstacle crossing leading 
with different legs, camber ambulation, slope ascent/descent, and stair ascent/descent. Obstacle 
crossing and stair ambulation was subsequently excluded as a result of operability and safety 
issues observed during data collection. Osseo-integrated TFAs were later invited to this research 
to evaluate the performance of another model of hydraulic ankle/foot (EchelonVT, Blatchford, 
UK) as it was considered that TFAs, for whom the prosthetic limb is attached directly (osseo-
integrated) to the femur, will be more sensitive to motion in their prosthetic ankle than amputees 
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whose artificial limb is attached to their residual stump through the more conventional plastic 
socket or shell. However, as a limited number of osseo-subjects were involved, this part of the 
study was then considered as and added into the pilot investigation for the preparation of the main 
study. All tested prosthetic ankles/feet are commercially available. Another aim of this research is 
to investigate the strategies used by active prostheses users to adapt to different walking 
conditions compared with non-amputees. This will help to investigate the main issues for TFAs 
when facing complex daily walking conditions and is expected to support the design and 
optimisation of prostheses to enable better and safer gait for TFAs in various walking tasks. 
 
In addition to the commonly used biomechanical parameters in gait analysis (spatial-temporal 
parameters, ground reaction forces (GRFs), pelvic and lower joint angles, and lower joint 
moments), the Symmetry Index (SI) and the Trend Symmetry Index (TSI) of kinematic and 
kinetic data were computed. The use of the TSI has not been used in the assessment of prosthetic 
ankles/feet before. As a technique it was developed to quantify the similarity in trend between two 
patterns and addresses the limitation of the commonly used Coefficient of Multiple Correlations 
(CMC).  It has been suggested that the bio-mimic trend of the resistance moment at the prosthetic 
ankle joint is essential to improve the walking experience of amputees. With this in mind 
comparison (analysis of symmetry) between sound (intact) and prosthetic limb data is considered 
to be very relevant. 
1.3 Need for Current Work 
Although much research has been carried on the gait of TFAs, most of this has focused on level 
ground walking, however, for active TFAs who use the prostheses on a daily basis, the ground 
conditions which present increased difficulties in walking, such as cambers, slopes and stairs, are 
commonly experienced. So far, only two published studies have investigated the gait of TFAs on 
a camber and a limited number have investigated TFA ambulation on slopes and stairs. However, 
the dimensions of slopes and stairs have varied among different research groups. As the walkway 
dimensions affects the strategies of lower limb locomotion when walking on different surfaces, 
the contribution of these studies is limited to some extent.  In this research, the dimensions of the 
slopes, stairs and handrails are set at the limits allowed by the British Standards ‘Design of 
buildings and their approaches to meet the needs of disabled people - Code of practice’ 
Publication (BS 8300:2009+A1:2010), in an attempt to make the outcomes more applicable to 
clinical gait assessment and rehabilitation programme design in the UK. 
 
There have been many studies that have compared different prosthetic ankles/feet, however, most 
of these have focused on trans-tibial amputees (TTAs); the results of these studies can therefore 
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be of limited value for supporting prostheses selection for TFAs. A further limitation in previous 
prosthetic ankle/foot evaluation is that the work was mostly performed for level ground conditions 
and many of the studies that involved slope and stair ambulation were carried out with powered 
prostheses. Most of the powered ankle and knee systems investigated are not commercially 
available at present, so this can limit the current relevance of these studies for informing 
prostheses selection for TFAs. 
1.4 Aims and Contributions 
This research investigates how the prosthetic gait of conventional TFAs are influenced by two 
types of commercially available prosthetic ankles/feet, hydraulic ankles/feet and fixed prosthetic 
ankles/feet, and how TFAs adapt to different walking conditions through a systematic study on 
TFA prosthetic gait in different common daily activities.  
 
The particular objectives of this research were: 
1. To develop the devices and methods to realise the inverse dynamics calculation for TFA 
gait for level ground, camber, slope, and stair ambulation. 
2. To investigate the influence of prosthetic ankles/feet design on prosthetic gait in different 
daily activities. 
3. To systemically study the gait characteristics and strategies of conventional TFA in 
various daily activities compared with non-amputees.  
 
It was considered that the work would address limitations in the literature regarding: 
1. The influence of hydraulic prosthetic ankles/feet on prosthetic gait of unilateral TFAs, 
including both conventional socket prostheses users and osseo-prostheses users, in 
various different daily activities compared with fixed prosthetic ankles/feet. 
2. The advantages and disadvantages of the osseointegrated attachment method in respect to 
gait. 
3. The feasibility of using the TSI as an approach to assess the prosthetic gait of unilateral 
TFAs and different prosthetic ankles/feet components. 
1.5 Null Hypothesis and Outcome Measures 
The null hypothesis of this research was that the sagittal plane ankle moment TSI of unilateral 
TFAs will not be improved when the hydraulic articular prosthetic ankles/feet (Echelon and Elan) 
are used compared with fixed ankles/feet (Esprit).  
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The second hypothesis was that the use of a hydraulic articular prosthetic ankle/foot with real time 
control of the joint stiffness (Elan) would provide improved customised sagittal plane ankle 
angles and moments to the slope conditions compared with a fixed setting hydraulic prosthetic 
ankle/foot (Echelon). 
 
The primary outcome measure selected was the TSI of sagittal plane ankle moment. 
 
The secondary outcome measures were:  
1. Spatial-temporal parameters. 
2. The points of interest in GRFs. 
3. The points of interest in pelvic and lower joint angles and patterns of pelvic and lower 
joint angles. 
4. The points of interest in lower limb joint moments and patterns of lower limb joint 
moments. 
5. The SIs of the selected points of interest in kinematic and kinetic parameters. 
6. The TSIs of the kinematic and kinetic patterns. 
7. The Range Amplitude Ratios (RAR) of the pelvis and lower joint angles. 
8. The (subjective) rating of the functional performance of the different prosthetic 
ankles/feet by the amputee subjects. 
1.6 Outline of the Thesis 
Following this introductory chapter, Chapter 2 introduces the background knowledge for this 
project, which includes fundamental information related to clinical gait analysis, trans-femoral 
amputation treatment and prostheses for TFAs. The key information provided in this chapter is the 
definition of the terminology that will be used in this thesis, the introduction of the OI technique 
and rehabilitation, and the details of the prosthetic ankles/feet tested in this research.   
 
Chapter 3 provides a detailed and systematic review on the published research relevant to this 
project. The review covers four aspects: (1) a consideration of the inverse dynamic technology for 
computing the internal joint loads using more recent three-dimensional (3D) biomechanics models 
and the potential errors in the inverse dynamic approach; (2) to detail the parameters introduced to 
quantify the symmetry of variables between the two sides of the body; (3) to review the previous 
gait studies that aimed to investigate the gait of conventional TFAs and osseo-integrated TFAs. 
The common features of conventional TFAs are summarised in this section; and (4) to consider 
the previous work that discussed the functional requirements of prosthetic ankles/feet and which 
compared different prosthetic ankles/feet. 
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In Chapter 4, the details of the technology, methodology and algorithms used in this research are 
described. This includes the motion capture system and kinematic marker set used in this 
research, the method to obtain the segment parameters in TFAs, especially for the prosthetic side, 
and the kinetic data collection required for this project. The information on the software used in 
this research is also summarised. 
 
The experimental setup and the validation of the methodology in this project are described in 
Chapter 5, for which there are in four key aspects: (1) to calibrate the load sensor used to collect 
the forces and moments applied to the abutment of the osseo-integrated subjects; (2) to develop 
the different walkways compatible with the measurement equipment in the Gait Laboratory in the 
University of Surrey and validate the GRFs measured in camber, slope and stair walking 
conditions; (3) to undertake a repeatability test on kinematic marker placement and estimate the 
errors that might be caused by marker displacement; and (4) to investigate the effect of potential 
errors to the inverse dynamic results. 
 
Chapter 6 gives the details of the normative database construction from fourteen non-amputee 
subjects. The process of data collection and processing is described and the results are presented. 
This is followed by a discussion on the strategies in the non-amputee gait to adapt to different 
walking conditions and the observed asymmetry in their gait. There is a brief summary on the 
limitation of the normative database in this research.  
 
There is a pilot test with one conventional TFA and one osseo-integrated TFA that aimed to 
optimise the research protocol for data collection with TFAs, and this is described in Chapter 7. 
The issues noticed in the pilot test data collection, processing and results and corresponding 
adjustments for the main test are discussed. This is followed by another pilot test with one osseo-
integrated TFA to investigate the reliability and limitation of the conventional inverse dynamics 
method used in this study. 
 
The main gait study with the conventional TFAs using two models of hydraulic ankles/feet and 
one model of fixed ankle/foot in different daily activities is given in Chapter 8, where the results 
are presented in detail. The discussion based on the results is split into three: (1) a comparison 
between the three models of the prosthetic ankles/feet; (2) the strategies used by conventional 
TFAs to adapt to different walking conditions; and (3) consideration of the evaluation of 
prosthetic ankles/feet based on the findings in this research. 
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As a detailed discussion and summary of the findings for the studies with non-amputees and 
conventional TFAs is given in the relevant chapters, a relatively brief summary of the main 
conclusions is provided in the final chapter (9). This is followed by a summary of the limitations 
of this study and the suggestions for areas of future work. 
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Chapter 2 
2 Background 
2.1 Introduction 
The aim of this chapter is to provide the background knowledge to the field of gait analysis of 
TFAs, and more specifically, to this project. The first section is an introduction to the current 
clinical gait analysis system that is commonly used in TFA’s gait assessment during rehabilitation 
and in this section, the definition of the terminology that will be used in this thesis are described. 
This is followed by general information on trans-femoral amputation treatment and rehabilitation 
with different methods of attaching prostheses. The third part provides an overview of the 
prostheses that enable TFA’s ambulation and there is description on the prosthetic ankles/feet that 
have been used in this project. 
2.2 Clinical Gait Analysis 
Gait can be defined as any method of locomotion characterised by periods of loading and 
unloading the limbs (Kirtley, 2006). While this includes various kinds of activities such as 
running, hopping and skipping, walking is the most frequently used gait, a many of the activities 
of daily living. In 1983, Rose (1983) expressed a personal view on the difference between the 
term “gait assessment” and the term “gait analysis”. The term “gait assessment” is suggested to 
present the overall process of examination of patients’ gait and suggestion for treatment, while the 
term “gait analysis” refers to the technical aspect of the gait assessment (Whittle, 1996).  
 
As modern gait analysis has developed for over one hundred years, it has been applied as a 
routine part of patient management in the diagnosis, treatment, monitoring, and assessment of 
walking disorders in certain centres (Whittle, 1996). For amputees, it forms part of the 
rehabilitation programme management and prosthetic component improvement (Czerniecki and 
Gitter, 1996). 
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2.2.1 Lower Limb Anatomy 
Although gait is significantly influenced by the movement of whole body, in most gait analyses 
(including this project), from a practical point of view, only the motion of lower limb is used for 
assessment. There are seven main segments in the lower limb: pelvis, left and right thighs, left and 
right shanks, and left and right feet. Although each segment consists of bones and soft tissues, it is 
normally taken as a rigid entirety in order to simplify the modelling and analysis approaches. The 
segments are linked by six main joints: hip joint, knee joint and ankle joint on both sides. The 
detailed modelling method of the lower limb in this project will be introduced in Chapter 4. 
2.2.1.1 Bones, Joints and Segments 
The main bones and anatomical structures of the lower limb are labelled in Figure 2-1.  Skeletal 
structures such as bony projections are important landmarks for anthropometric parameter 
measurement and marker placement. The natural bone and joint construction determines how 
lower extremities have been modelled and inspires the design of bio mimic prostheses. 
 
 
Figure 2-1: Bones, joints and anatomical landmarks of lower limb (Levine et al., 2012). 
 
2.2.1.2 Anatomical Positions, Reference Planes and Motion Terms 
The anatomical terms used to describe the relationships between different body segments are 
based on the anatomical positions from a standing person with the feet together, arms by the side 
and palms forward. This posture, together with the three anatomical reference planes and six 
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terms that describing the related direction to the centre of whole body, is demonstrated in Figure 
2-2. 
 
 
Figure 2-2: The anatomical position, with the three reference planes and six fundamental directions (Levine 
et al., 2012). 
 
The definitions of the three reference planes are: 
1. A sagittal plane is any plane that divides the body into left and right portions and the 
midline sagittal plane that divides the whole body into left and right part is named median 
plane; 
2. A frontal plane (also known as coronal plane) is any plane that divides the body into front 
and back portions; 
3. A transverse plane (also known as horizontal plane) is any plane that divides the body 
into upper and lower portions. 
 
There are six additional terms that detail the positions in a single segment: 
1. Medial means toward to the midline of the segment; 
2. Lateral means away from the midline of the segment; 
3. Proximal means toward to the main body; 
4. Distal means away from the main body; 
5. Superficial structures are close to the surface; 
6. Deep structures are far from the surface. 
 
The movements of the lower limb in the sagittal plane are extension/flexion, specifically known 
as plantarflexion/dorsiflexion at ankle joints. The extension and plantarflexion are the movements 
of a segment that increase the joint angle at its proximal side in sagittal plane, while flexion and 
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dorsiflexion decrease the angle. The hip and knee motion in the frontal plane are abduction and 
adduction where the distal side of a segment moves away or toward, respectively, the midline of 
the body relative to the proximal segment. This is named eversion and inversion for the 
description of foot movements. Internal and external rotations occur in the transverse plane, when 
the segment anterior surface at the distal end rotates to the medial and lateral direction 
respectively. Figure 2-3 demonstrates these motions based on the right side of pelvic and right 
lower limb skeleton. 
 
 
Figure 2-3: Lower limb movements. 
2.2.2 Gait Cycle and Gait Events 
The gait cycle (GC) is defined as the time interval between two successive occurrences of one of 
the repetitive events of walking (Whittle, 2003). Usually, the instant at which one foot contacts 
the ground, known as initial contact, is used as the beginning and the cycle will continue until the 
foot contacts the ground again. 
 
The duration of a complete GC is divided into stance time, the period that the foot remains 
directly connected with the ground to support body weight, and swing time, the period that the 
foot leaves ground and moves forward in the air. The stance phase usually takes about 60% of 
entire GC and the swing phase takes 40%. The GC can also divided into double support time, the 
period that both feet are in contact with the ground, and single support time, the period that only 
one foot is on the ground. There are two double support periods and two single support periods in 
a GC. Normally, each of the double support periods lasts about 10% of a GC. 
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The following terms are used to identify major events during the GC: initial contact, opposite toe 
off, heel rise, opposite initial contact, toe off, feet adjacent, and tibia vertical. These seven events 
divide the GC into seven periods, four of which occur in the stance phase and the rest in the swing 
phase. The stance phase, which lasts from initial contact to toe off, is subdivided into: loading 
response, mid-stance, terminal stance, and pre-swing. The swing phase, which lasts from toe off 
to the next initial contact, is subdivided into: initial swing, mid-swing, and terminal swing. Figure 
2-4 shows the GC, major events, and gait phases.  
 
 
Figure 2-4: Gait cycle, major events, gait phases, and the duration of temporal parameters in gait analysis. 
2.2.3 Access to Gait Parameters  
With different study purposes, subject conditions and measuring methods, numerous parameters 
have been used in clinical and academic gait analysis to describe, compare and evaluate the gait 
among individuals and groups. Benedetti et al. (1998) proposed a list of 122 gait parameters for 
normal gait studies. Another 98 gait parameters were added into this list later by Sagawa et al. 
(2011) who systematically summarised the gait parameters that have been used in the studies of 
lower-limb amputees from 1979 to 2009 and give suggestions on the choice of parameters for 
different areas of investigation. 
 
Most gait parameters can be categorised into two main groups: biomechanics parameters and 
physiological parameters. Biomechanics parameters are the factors that related to the muscle, joint 
and skeletal actions and loads, such as forces, moments, powers, angles, acceleration and 
Chapter 2.Background 
 
12 
pressure. Physiological parameters are the elements related to the functions of living organisms 
and include heart rate, blood pressure, respiration rate, electromyography, and so on. There are 
some parameters that belong to neither group. These parameters come from subjective 
questionnaires like the rating for comfort and satisfaction or other parameters set by the 
researchers for specific investigative purposes, e.g. falls during amputee walking. Biomechanics 
parameters can be further divided into kinematics parameters and kinetics parameters. The 
following subsections only provide simple descriptions of the definition and acquisition of the 
objective parameters that will be used in this project, the detailed calculation approaches will be 
introduced in chapter 4.  
2.2.3.1 Kinematics 
Kinematics is the term that is used for the description of human movement, and does not consider 
the forces that cause the motion. The common kinematic parameters that are used in the analysis 
of human gait include spatial-temporal parameters and lower joint angles, such as pelvis angle, 
hip angle, knee angle and ankle angle. Some kinematic parameters, like linear and angular 
displacements, velocities, and accelerations of the lower body segments, are relatively less used to 
define motion, but are indispensable for some subsequent calculation and analysis that is 
associated with kinetic data. 
 
Spatial-temporal parameters are the variables that describe (1) the time span such as stance time, 
swing time, cycle time etc., (2) the distance metrics such as stride length, stride width, step length 
etc., and (3) the factors that related to both time and distance, like the walking speed. These 
parameters are normally generated from the time of relevant gait events and the location of foot 
landmarks. The temporal parameters that will be used in this project are shown in Figure 2-4 and 
the spatial parameters in Figure 2-5. 
 
 
Figure 2-5: Stride width (dash-dot), step length (dash) and stride length (solid) in asymmetrical walking. 
 
Many tools and devices have been used for directly measuring joint related variables in research, 
such as goniometers and accelerometers (Winter, 2009). However, most of direct measuring 
methods have been eliminated due to the low measuring accuracy, inadequate measuring range, 
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excessive length of time to fit and align, and movement encumbrance. Compared with direct 
measuring methods, indirect approaches that apply imaging measurement techniques have been 
more commonly used, from the early stages of gait analysis until relatively recently. The general 
idea of kinematic data marking using television systems can be described as placing and detecting 
the markers on moving subjects and calculating the required parameters from the position of the 
markers. A 3D motion capture system is constructed using a certain number of cameras that 
collect two-dimensional (2D) data of all detectable markers and a host computer that calculates 
the 3D location of each marker in an absolute spatial reference system. Although all television 
systems are developed from the same optics theory, each commercial system has its unique 
algorithms for identifying the presence and determining the centre of a marker, as well as 
labelling markers from a multi-camera system. Then the kinematic parameters are computed using 
customised biomechanics models based on the marker locations. Figure 2-6 demonstrates an 
example of normal pelvic and lower joint angles in three planes that have been averaged from 40 
young healthy adults with standard deviations included. 
 
Plane Ankle Knee Hip Pelvic 
Frontal 
 
   
Sagittal 
    
Transverse 
    
Figure 2-6: Normal pelvic and lower joint angles in three planes that averaged from 40 young healthy 
adults (Kadaba et al., 1990). 
2.2.3.2 Kinetics 
Kinetics is the term for the study of force, moment and the resultant energetics. GRF and lower 
joint loads are the most common kinetics parameters that used for description and assessment of 
gait. Similar to the kinematics parameters, kinetics data can be directly detected or calculated 
from relevant biomechanics data. 
 
In an in-door environment the GRF is considered as the only type of external force that affects 
body movement in normal walking condition. A force plate is the most widely used device for 
measuring this. Force plates can work individually or in conjunction with a motion capture 
system. Different types and sizes of commercial force plates are now available to fulfil the 
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requirements of various applications. An example of normal GRF in three directions, averaged 
from 20 healthy subjects with standard deviations is given in Figure 2-7. 
 
 
Figure 2-7: Normal GRFs in three directions that averaged from 20 healthy subjects (Benedetti et al., 1998)  
 
Conventionally, the interior loads at lower limbs are calculated from externally measured kinetic 
and kinematic data by applying different biomechanics models. This is the main approach used in 
this project. Figure 2-8 demonstrates an example of normal lower joint moments that have been 
averaged from 9 male subjects with standard deviations. There are some obvious disadvantages of 
this method such as the limitation of the steps that could be measured at one time, the altered gait 
caused by the laboratory environment, requirements of the accurate determination of the body 
segment parameters, increased errors with the increased number of joints involved, and so on (Lee 
et al., 2008, Frossard et al., 2008). As a result, some methods of direct measurement of interior 
loads have been developed and improved. For a non-amputee there is no convenient approach 
available for direct measurement of the in vivo kinetics data.  So far, the only technique that has 
been reported is using customised telemetry fixed within a hip or knee implant (Lu et al., 1997, 
Taylor et al., 1997, Bassey et al., 1997, Taylor et al., 1998, Taylor et al., 1999, Taylor and Walker, 
2001, Kutzner et al., 2010, Komistek et al., 2005). In studies involving prostheses users, the 
interior loads in the prosthesis and the loads that are applied to the distal end of the residual limb 
can be obtained in vitro by commercial sensors (Sanders et al., 1997, Frossard et al., 2003, Lee et 
al., 2007, Lee et al., 2008, Frossard et al., 2008, Dumas et al., 2009, Hayashi et al., 2011). In this 
project a commercial load cell was used to measure the forces and moments that were acting on 
the abutment of osseo-integrated patients in different walking conditions and the same model of 
the load cell has been used with osseo-integrated subjects in previous studies (Frossard et al., 
2003, Lee et al., 2007, Lee et al., 2008, Frossard et al., 2008, Dumas et al., 2009, Frossard et al., 
2009b, Frossard et al., 2010a, Frossard et al., 2010c, Frossard, 2010). 
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Plane Ankle Knee Hip 
Frontal 
   
Sagittal 
   
Transverse 
   
Figure 2-8: Normal joint moments in three planes that averaged from 9 male subjects (Eng and Winter, 
1995) 
2.3 Trans-femoral Amputation and Prosthetic Limb 
Attachment Approaches  
A trans-femoral amputation usually occurs when there has been serious trauma to the proximal 
tibia and knee or there is a tumour in the proximal tibia or distal femoral condyles that could not 
be treated with allograft or a total joint replacement. This may also occur in the treatment of 
arterial disease or bone cancer (Pitkin, 2010). There are different methods of attaching prostheses 
following trans-femoral amputation and each required different surgical processes and 
rehabilitation programmes to allow the amputees re-achieve ordinary walking ability with 
assistance of the prostheses.  
2.3.1 Conventional Lower limb Amputation  
Besides the requirements for removing the pathology and objective vascular status, when deciding 
on the precise length of residual femur in the surgeries, the muscle attachment and biomechanics 
of the residual limb in gait are essential factors (Lusardi et al., 2012). Function and prosthetic 
control are improved as length of the residual femur length increases (Waters et al., 1976). This 
enables the preservation and the reattachment of the adductor brevis, adductor longus, and 
especially adductor magnus which provides sufficient power for stabilization of the residual limb 
in adduction in stance so that the abductors can work to keep the pelvis level during prosthetic 
gait. This will also reduce the risk of the development of hip abduction and flexion contracture 
from rehabilitation to over the patient’s lifetime. A balanced muscular power and a smooth and 
sensate skin surface are expected to be achieved by the surgeon. In the conventional lower limb 
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amputation, the stump end is close sutured with skin covering the bone end. Any problems with 
the stump skin will appear immediately after surgery and in some cases re-amputation at a higher 
level is required when the amputation fails to heal. After training in the rehabilitation program, the 
TFAs can use prostheses that are attached to the residual limb via a customised socket to achieve 
a walking action that is similar to non-amputees. The previous gait studies that explore the 
characteristics of the conventional TFAs’ gait will be reviewed in Chapter 3. 
2.3.2 Osseointegrated Trans-Femoral Amputation 
OI is the term named by Brånemark to describe a mode of direct contact between implant and 
bone tissues, in which there is no progressive relative movement in the anchorage mechanism 
during normal loading (Sullivan et al., 2003). A major problem that affects the reconstructive 
surgery and joint replacement is the loosening of the implant from bone tissues (Brånemark et al., 
2001). In the middle of the last century, it was first observed by Professor Per-Ingvar Brånemark 
in a study of the circulation in bone marrow that a titanium made chamber could be permanently 
incorporated with bone as living bone tissue would fuse with titanium oxide layer (Brånemark et 
al., 2001, Hagberg and Brånemark, 2009). This discovery then became an important phenomenon 
and related techniques are used in a large range of applications from dental science to orthopaedic 
and rehabilitation fields such as implant-supported maxillofacial prostheses, finger joint 
prostheses, and then, lower limb amputation. 
 
As a surgical technique, OI allows direct anchorage between prostheses and bone in the treatment 
of TFA. A coupling device, the abutment, is inserted into the implant and protrudes through the 
soft tissue at its distal end so that the external prosthesis can attach to the implant system (Figure 
2-9) and the loads will be transferred through femur bone rather than the soft tissues (Figure 2-
10). In Sweden, since 1990, the year that first patient accepted OI surgery, there have been more 
than 100 patients treated with this technique (Hagberg and Brånemark, 2009). Later, the technique 
spread and developed internationally in UK (Sullivan et al., 2003, Xu et al., 2006), Netherlands 
(Tomaszewski et al., 2013, Tomaszewski et al., 2012), Canada (Thompson and Mechefske, 2009), 
Australia (Frossard et al., 2010a, Frossard et al., 2010b) and so on.  
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(a) (b) 
Figure 2-9: (a) Schematic view of implant system and (b) example of skin penetration area and abutment 
protruding from residual limb (Hagberg and Brånemark, 2009). 
 
 
 
Figure 2-10: Schematic drawing of loading condition at stump with (A) socket prosthesis and (b) 
osseointegrated prosthesis (Williams and Rydevik, 2000). 
 
Two surgical sessions are required to embed the commercially pure titanium made implant 
system. In the first surgery, the fixture is inserted into the residual femur followed by closure of 
the skin. Approximately 6 months after the first operation, the second step is performed to insert 
the abutment into the distal end of the fixture and allow the abutment to protrude through the skin. 
It takes 10 to 12 days to attain a critical healing condition at the skin penetration area and soft 
tissues and the patient needs to be immobilised during this period (Hagberg and Brånemark, 
2009). 
 
Although OI starts to establish during the 6 months between the two surgical phases, loading 
regimes after the second surgery need to be carefully controlled at the bone tissue around the 
implant to further stimulate bone mineralization and strength to avoid implant loosening caused 
by a rapid increase in implant loading (Hagberg and Brånemark, 2009). The rehabilitation 
protocols are designed to gradually increase the loading on the implant system to achieve 
adequate preparation for unrestricted artificial limb use (Hagberg and Brånemark, 2009). 
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Immediately after the second operation, all patients begin performing some gentle exercises such 
as range of motion (ROM) without full voluntary muscle contraction in order to prevent the 
development of hip joint contractures. About 4 to 6 weeks later, more active exercises start as the 
skin penetration area and soft tissue are sufficiently healed. Axial weight-bearing exercise is an 
essential part in this initial training where patients are asked to put a specific amount of weight on 
the short prosthesis monitored by normal weight scale (as showed in Figure 2-11 (a)). In addition, 
a general exercise program is undertaken that aims to stimulate bone mineralization and enhance 
hip ROM and muscle strength by loading the bone-implant unit in directions other than the axial 
direction (as showed in Figure2-11 (b)). 
 
 
Figure 2-11: (a) Axial weight bearing exercise with short training prosthesis and scale; (b) Hip-
strengthening exercise with short training prosthesis using elastic band resistance (Hagberg and Brånemark, 
2009). 
 
The use of a short prosthesis lasts for 5 to 6 weeks and this is followed by prosthetic gait training 
with the definitive prosthesis secured to the abutment through an attachment device. A steady 
increase in the prosthesis wearing time, prosthetic activity and weight-bearing is suggested in the 
following weeks and finally the patient can achieve full-day prosthetic use. The employment of 
double support with either crutches or sticks should be kept until the rehabilitation team make the 
decision on the patients’ ability to walk both indoors and outdoors based on X-rays and the 
clinical status measured about 6 months after second surgery. Regular gait analysis is undertaken 
by the patient during all stages of rehabilitation (Sullivan et al., 2003). In a summary, the overall 
treatment period for most osseo-integrated patients is about 12 to 18 months. The previous gait 
studies on the OI TFAs’ gait will be reviewed in Chapter 3. 
2.4 Lower Limb Prostheses for Trans-Femoral Amputees 
Prostheses are designed to replace the functions of the lost anatomical human limb and in case of 
TFAs, successful prosthetic management should at least achieve comfort attaching, stable stance 
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support, smooth swing transition, and acceptable appearance (Lusardi et al., 2012). The modern 
commonly used prostheses for TFAs normally consist of three main functional artificial 
components that are connected with fitting tubes, namely the socket, the prosthetic knee joint and 
prosthetic ankle/foot. As in this research only passive mechanical prostheses are involved, there 
will be no discussion on other types of prostheses such as powered prostheses. 
2.4.1 Prosthesis Fitting Socket 
Most TFAs, referred to as conventional TFAs, use stump fitting sockets containing the residual 
limb and according to the material, there are two socket options: rigid and flexible. The sockets 
need to be customised to fit individual’s stump conditions and extra components such as pelvic 
belt may be needed to help with the fixation. Although this technique of prostheses attachment 
has been in use for over a century, there are still many issues that do not have satisfactory 
solutions, which are mainly caused by load transfer through soft tissues (Childress, 1997). When 
high pressure is applied from the prosthetic socket to the soft tissue, associated problems, such as 
residual limb pain, skin sores, rashes, infections and ulceration may occur due to the inability of 
soft tissue to sustain the loads during routine function (Hagberg and Brånemark, 2001). 
2.4.2 Prosthetic Knee  
The anatomical knee can be considered as a modified hinge-type synovial joint that allows 
additional rotation directions to flexion and extension (Lusardi et al., 2012). But this is very 
difficult to achieve in common commercial designs and because of the single plane of motion in 
most prosthetic knee joints, therefore TFAs usually cannot walk as efficiently and cosmetically as 
TTAs (Lusardi et al., 2012). Two primary functions are demanded from prosthetic knee 
mechanisms to simulate normal gait. Firstly, the prosthetic knee must smoothly flex from pre-
swing to mid-swing and extend in terminal-swing. The rate of motion is determined by the 
mechanical properties of the prosthetic knee unit such as friction and recently microprocessors 
have been added in some prosthetic knee designs to assist with knee control. Secondly, the 
prosthetic knee needs to remain stable during most of the stance phase as the centre of pressure 
(COP) rolls forward over the prosthetic foot plantar. Most of the prosthetic knees that are used by 
the subjects in this research are hydraulic knee units with microprocessor control, which are 
cadence responsive and customisable. No changes to these units have been made when use 
different prosthetic ankles/feet during the data collection. 
2.4.3 Prosthetic Ankles/Feet 
In most designs, the prosthetic foot and ankle are actually integrated and cannot be separated. In 
general, the prosthetic ankles/feet are expected to mimic the biomechanical characteristics of the 
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human foot, specifically, to adapt to uneven surfaces, to provide shock absorption, to transfer 
weight bearing forces, to create foot clearance during swing phase, to keep a stable weight-
bearing base during stance phase and so on. 
 
Based on the combinations of functional tasks specified in their design, passive prosthetic 
ankles/feet can generally be classified into one of four groups (Lusardi and Nielsen, 2006, Lusardi 
et al., 2012): 
1. Non-articulating designs (e.g., solid ankle cushion heel (SACH) feet); 
2. Articulating designs (e.g., single-axis and multi-axis feet); 
3. Prosthetic feet with elastic keels; 
4. Dynamic-response or energy-storing designs; 
However, with development of the prostheses design, many prosthetic ankles/feet may combine 
characteristics from more than one group. This is the case for the Echelon and Elan feet that have 
been tested in this research. 
 
There are five models of prosthetic ankles/feet involved in this research and the photos of these 
without foot shell and glide sock are shown in Figure 2-12. The Esprit, Echelon, EchelonVT, and 
Elan feet are manufactured by Blatchford & Sons Ltd. (Basingstoke, UK) and Vari-Flex foot is 
manufactured by Össur (Reykjavík, Iceland). The three prosthetic ankles/feet that have been used 
in the main test with conventional amputees are Esprit, Echelon and Elan. The EchelonVT and 
Vari-Flex were used in the pilot test and preliminary test with the osseo-integrated subject. All the 
prostheses involved and tested in this research are passive devices. 
 
     
(a) (b) (c) (d) (e) 
Figure 2-12: Prosthetic ankles/feet that have been involved in this project. (a) Esprit; (b) Echelon; (c) 
EchelonVT; (d) Elan; (e) Vari-Flex. 
 
All five types of prosthetic ankles/feet have dynamic response features such as carbon toe and 
heel springs and are recommended for high functional amputees. The Esprit and Vari-Flex do not 
have articular joint structure. Compared with Esprit, the Varti-Flex allows more active tibial 
progression as the carbon springs throughout the forefoot and ankle. The Echelon, EchelonVT and 
Elan all contain a hydraulic single axis articular joint that is adjustable in dorsiflexion and 
plantarflexion ROM respectively. The Elan foot includes a microprocessor that can be connected 
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with mobile software via Bluetooth for real time control of the ROM of the ankle movement 
during stance, while the Echelon and EchelonVT feet need tools to manually change the valve 
adjuster in the hydraulic body by prosthetist. Compared with Echelon and Elan, the EchelonVT 
includes an additional axial coil spring above the ankle joint that allows more energy storage and 
less peak stress at heel strike. The design of the “foot” structure in Esprit, Echelon, Elan and 
EchelonVT are the same. The detailed constructions of the five prosthetic ankles/feet are attached 
in Appendix I. The previous research that has evaluated and compared different prosthetic 
ankles/feet will be reviewed in Chapter 3. 
 
Except the articulated ankle joint, the remaining parts of the prosthetic foot are very similar in 
structure and material for the Esprit, Echelon and Elan thus eliminating the influences of other 
prosthetic ankle/foot components. The Echelon VT was chosen for the osseo-integrated patient in 
the pilot test as it was believed to have a better impulse absorption function that may reduce the 
stress applied to the implant system. The Vari-Flex is the original prosthetic component used by 
the osseo-integrated patient. 
2.5 Summary 
This chapter covered the major background relevant to this research to demonstrate an overview 
of the basic clinical gait analysis, TFA treatment and prostheses for TFAs. 
 
Gait analysis has been used in assisting lower limb amputation rehabilitation programmes, 
evaluating the prostheses components, and improving prostheses design for a long time. In this 
Chapter, the fundamental background of the clinical gait analysis is introduced in accordance with 
the emphasis of this research. Most terminology that has been described and explained in this 
section is widely recognised by academic researchers and clinical staff and will be used in the 
presentation and analysis of gait data in this thesis. 
 
A brief presentation of the treatment and rehabilitation of the two types of TFA that participated 
in this project has been given in this chapter. As OI is a developing technique for the treatment of 
trans-femoral amputation that has only been applied to a very small number of patients, most of 
the TFAs still receive conventional surgeries and use socket attached prosthesis. There are some 
drawbacks of the conventional treatment such as the skin issue caused by the socket and stump 
pain from the loads applied on the soft tissue, which might be solved by improving the material 
used and the prostheses design. Although OI overcomes some disadvantage of conventional 
amputation, such as the prostheses fixation with very short residual limb and sitting comfort issue, 
the long rehabilitation period and the requirements on the body and bone condition limits the 
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number of patients receiving OI surgeries. Besides, in order to prevent the fracture of the implant 
system and subsequent infection, the OI patients are strictly prohibited in many activities 
(Sullivan et al., 2003). In a summary, there is no definite superiority between the conventional 
trans-femoral amputation and OI at the current time and the decision of treatment methods need to 
be made based on the individual inclination. 
 
Regardless of the method of attachment, the functional demands on the prosthetic knees and 
ankles are generally the same for all TFAs. The introductions about the prostheses are more 
focused on modern commercial available prostheses components for highly active amputees as 
these are the prosthetic ankles/feet that have been investigated in this project. In the main test with 
conventional amputees, the Esprit, Echelon, and Elan feet have be used for level ground normal 
and fast speed walking, camber and slope ambulation to study the effect of the hydraulic ankle 
and different ROMs at the ankle joint on a TFAs’ gait. In the pilot test with osseo-integrated 
patient, the EchelonVT foot has been used to compare with the subject’s original dynamic foot 
(Vari-Flex) to investigate if the hydraulic ankle could improve the osseo-integrated patient’s 
walking experience. The main difference between the designs of these prosthetic ankles/feet is the 
application of hydraulic ankle articulation and real time control of ankle ROM.
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Chapter 3 
3 Literature Review 
3.1 Introduction 
The purpose of this chapter is to review and summarise the previous researches relevant to this 
project. The review is focused on four main aspects. The first part is regarding the technology 
used to obtain internal joint loads, where the recent 3D biomechanics models and the errors that 
might affect the computed results are reviewed. The second section focuses on the symmetry 
parameters that have been used to quantify the symmetry of gait in history. The third section 
reviews the previous studies that investigated the gait of conventional and osseo-integrated 
unilateral TFAs. The features of the TFAs’ gait that have been reported are summarised. In the 
last section, the recent studies that compare commercially available prosthetic ankles/feet by gait 
analysis are reviewed. Some widely agreed considerations on the prosthetic ankles/feet design and 
evaluation is also included in this section. 
3.2 Inverse Dynamics 
Inverse dynamic calculations are commonly performed in the quantitative analysis of human gait 
and are considered the standard approach for estimating joint kinetics. The net joint forces and 
moments can be computed via Newtonian mechanics through the application of Newton-Euler 
formulations. The history of inverse dynamics calculation can be traced back to the 1950s. 
3.2.1 Fundamental Theory 
The modern common calculations of inverse dynamics require the following steps: 
1. Selection of an appropriate biomechanical model, often referred to as a link-segment 
model; 
2. Input of kinematic and external kinetic data; 
3. Input of anthropometric and inertial characteristics, often referred to as body segment 
parameters (BSPs); 
4. Successive calculation of internal kinetic data from distal to proximal segments. 
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The link-segment model is representative of the subject’s skeletal structure, whereby each 
anatomical segment of the subject is represented by a rigid body in the model. Several 
assumptions are made regarding the model to simplify the calculations. These assumptions are 
described as follows (Winter, 2009): 
1. The mass of each segment is located as a point mass at a centre of mass (COM), except 
when calculating moments about long-bone axis in 3D; 
2. The location of each segment’s COM remains fixed (within the segment) during the 
movement; 
3. The joints are considered to be hinge or ball and socket joints; 
4. The mass moment of inertia of each segment about its COM (or about either proximal or 
distal joints) is constant during movement; 
5. The length of each segment remains constant during the movement. 
 
These assumptions are demonstrated in Figure 3-1, in which the segment masses m1, m2, and m3 
are considered to be concentrated at points and the distance from the proximal joints to the mass 
centres are considered to be fixed, as are the lengths of the segments and each segment’s moment 
of inertia I1, I2, and I3 about each COM.  
 
 
Figure 3-1: The equivalence between the anatomical model, link-segment model and free-body diagram 
(Winter, 2009). 
 
In order to examine the segments one at a time, a free-body diagram of each segment is used, 
which breaks the link-segment model into segmental parts as shown in Figure 3-1. This also 
allows external forces and torques to be added to any segment. The additional assumptions for the 
free body diagram are: 
1. The joint forces are equal and opposite at the joint; 
2. The joint moments are equal and opposite at the joint; 
3. The distal end of one segment is not assumed to be at the same point as the proximal end 
of the next segment. 
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With a free-body diagram, each body segment is considered to be independent and act under the 
influence of gravitational force, ground reaction or external forces, and muscle and ligament 
forces. Then based on Newtonian mechanics, the net kinetics at the ends of a segment, known as 
net joint kinetics, can be computed. The detailed calculation steps are explained in Chapter 4. 
3.2.2 Historical Studies Relevant to Biomechanical Model Development 
As a comparatively convenient non-invasive method for obtaining natural joint kinetics, inverse 
dynamics has been widely applied in clinical and investigative gait analysis. Therefore, many 
biomechanical models have been developed to suit the characteristics of different subject groups. 
The detailed description of human body modelling dates back to 1960s (Whitsett, 1963, Hanavan 
Jr, 1964). Most of the earlier models are two dimensional and generally focus on the sagittal plane 
only. Considering the techniques and equipment used in this study, the following review only 
contains comparatively recent papers with detailed descriptions of 3D modelling.  
 
The earliest paper that has been reviewed was presented by Arkarian et al. (1989), in which a 
detailed 3D model and relevant algorithm were introduced. The lower limb was modelled as a 
sequence of three single axis rotation joints with three rotation degrees of freedom and the model 
consisted of four rigid links, which represent the four segments of the leg (Figure 3-2). Each 
lower segment was assumed as a frustrum of a cone or cylinder of uniform density. A total of 9 
markers on the pelvis and one leg are required to construct the model. A fixed coordinate system 
is embedded in each segment so that the rotation of the segment can be presented relative to a 
fixed laboratory frame. Then the 3D joint angles were extracted and, by applying Newton-Euler 
formulation, the joint moments can be computed. With the kinematic and kinetic data recorded by 
the motion capture system and force plate, Arkarian et al. determined the lower joint angles and 
moments from three subjects. 
 
 
Figure 3-2: Single axis rotation joints (left) and the 4 segments model (right) developed by Arkarian et al. 
(1989) for inverse dynamics calculation. 
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In 1995, Koopman et al. (1995) developed a model for analysing a normal bipedal walking 
pattern. The lower body was modelled as a coupled system of rigid bodies containing eight 
segments with local frames connected at joints as showed in Figure 3-3. In this model, the contact 
between the foot and the floor was assumed as a joint and the floor was considered as a segment 
with zero velocity and infinite mass. All joints were simulated as potential ball-hinges with three 
independent rotational degrees of freedom. Compared with relatively older models, this model 
realised a full 3D analysis that allow the detection of imbalance (Koopman et al., 1995). 
 
 
Figure 3-3: The model developed by Koopman et al. (1995) for inverse dynamics calculation, with 
segments: pelvis (1), R-L femur (2-3), R-L tibia (4-5), R-L foot (6-7) and head, arms and trunk (HAT) (8); 
with joints: R-L hip (1-2), R-L knee (3-4), R-L ankle (5-6), R-L foot-floor (7-8) and HAT-pelvis (9). 
 
In the next year, Kingma et al. (1996a) introduced and validated a full body 3D dynamic linked 
segment model with fourteen segments: two feet, two shanks, two thighs, a pelvis, a trunk/neck, 
two upper arms, two forearms/hands, a head and a barbell for validation testing. Including four 
markers on the barbell, a total of 69 markers were needed for modelling. The model was validated 
by comparing measured and estimated GRF and comparing the moments from a bottom-up and a 
top-down mechanical analysis. A sensitivity analysis with joint estimation errors was performed 
with the model. 
 
Later, Alkjaer et al. (2001) presented a paper on the comparison of 2D and 3D inverse dynamics 
models to examine how computed joint moments are influenced by applying different models. 
The gait data from 15 participants were collected and input in a 2D model and a 3D model. 
Although differences were found in the magnitude of the joint moments for each participant 
between 2D and 3D inverse dynamics, the inter-individual variation was not affected by the 
dimensional change (Alkjaer et al., 2001). 
 
In 2004, Silva and Ambrósio (2004) designed a study to investigate the sensitivity of the inverse 
dynamics calculation results to a perturbed input data, in which a whole body response model 
with 44 degrees of freedom (DOF) was used. The model contained 33 rigid bodies combined to 
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define 16 anatomical segments (Figure 3-4). The bodies were connected by revolute and universal 
joints. According to Silva and Ambrósio (2004) the quality of the inverse dynamics result was 
less sensitive to the errors in motion reconstruction and anthropometric measurements but very 
sensitive to the location of the point of applied external forces. 
 
 
Figure 3-4: The model used by Silva and Ambrósio (2004) for studying the sensitivity of the inverse 
dynamics calculation results to perturbed input data. (a) the sixteen anatomical segments; (b) the kinetic 
structure of rigid bodies and revolute and universal joints. 
 
A report on the inverse dynamics validation in the complex movement of balance recovery was 
presented by Robert et al. (2007). The motion data were collected from 10 subjects who were 
asked to stand on a platform that suddenly moved back. One 3D whole body biomechanical 
model, which contained 15 linked segments and 40 DOF, were used to calculate the kinematic 
data and two rigid body models were used to generate the net joint kinetics (Figure 3-5). The 
calculation method developed by Dumas et al. (2004) was used in this research and Robert et al. 
(2007) found that their new proposed scaling equations slightly improved the consistency of the 
results. 
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Figure 3-5: The models used by Robert et al. (2007) for inverse dynamic calculation in balance recovery 
movement. (a) kinematic model for reconstructing movement; (b) 11 segments inverse dynamic model; (c) 
simplified 6 segments inverse dynamics model. 
3.2.3 Potential Errors in Inverse Dynamics 
Based on the analysis of the theory and data acquisition technology of inverse dynamics, Sawers 
and Hahn (2010) summarised the potential error sources in gait analysis with lower limb 
amputation as follows: 
1. Reflective marker tracking; 
2. Skin movement; 
3. Joint centre definition and estimation; 
4. GRFs and free moment; 
5. COP coordinates; 
6. Inaccurate BSPs; 
7. Rigid body assumption.  
As the technical aspects such as the accuracy of the motion capture system and force plates is 
provided by the manufacturers, most the previous studies that investigate the effects of the errors 
in inverse dynamics focus on the joint centre estimation, GRF and COP coordinates, and segment 
parameters. 
3.2.3.1 Previous Studies on Errors in Inverse Dynamics with Non-Amputees 
The lower joints are normally calculated from the positions of skeletal anatomical landmarks with 
certain algorithms and scales that are determined from a large population of normal adults (Davis 
III et al., 1991). The locations of anatomical landmarks are detected by the reflective markers that 
are placed on the skin surface. Holden and Stanhope (1998) designed an experiment to investigate 
the effect of knee centre location errors in sagittal plane moments by moving the knee makers in 
the anterior-posterior direction by ±1 cm in the software. The knee flexor and extensor moments 
were calculated with the three knee locations at five walking speed (25%, 50%, 75%, 100% and 
125% of a scaled natural speed of 0.785 steps/s) from 18 healthy adults and it was found that the 
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knee location errors did not affect the general pattern of knee moment, but the magnitude of knee 
moments were affected especially when subjects walked at slower speeds (Holden and Stanhope, 
1998). Stagni et al. (2000) carried out an experiment to determine the effect of hip joint centre 
displacement on hip and knee kinematics and kinetics. Based on the results of five hip joint centre 
calculation methods, an error of ±3 cm was introduced in the three coordinates of the estimated 
hip joint centre. The largest propagation errors were found in hip flexion/extension (-22% with a 
3cm movement in the anterior direction), hip abductor/adductor moment (-15% with a 3cm error 
movement in the lateral direction), and delay of flexion-to-extension timing (25% of stride 
duration with a 3cm movement in the posterior direction) (Stagni et al., 2000). 
 
The errors in COP coordinates come from the inaccurate forces and moments recorded from the 
force plates and the mistakes in the locations of the force plate in motion capture system. McCaw 
and DeVita (1995) reported an influence of ±1 cm and ±0.5 cm shift in the COP coordinates in the 
walking direction on sagittal plane joint moments during the stance phase of eight subjects in 
level ground walking and running. It was found that the shift of COP would not change the 
relative time to the peak moments, but the magnitudes and the average would be either increased 
or decreased throughout the entire stance phase (McCaw and DeVita, 1995). With a 1cm shift in 
the COP during walking, the hip maximum extensor moment and flexor moment changed by 
8.4% and 16.1% of the original magnitude respectively; the knee maximum extensor and flexor 
moments changed by 17.5% and 15.2% respectively; and the ankle extensor peak increased by 
6.8% (McCaw and DeVita, 1995). 
 
Similar to the joint centre estimation, the BSPs that related to individual anthropometric 
parameters in non-amputees are measured and averaged from a large cadaver database (Dempster, 
1955, Clauser et al., 1969, Chandler et al., 1975, McConville et al., 1980, De Leva, 1996, Dumas 
et al., 2007). Therefore most of the error analysis studies with non-amputees on BSPs are focused 
on the effects of different BSP systems (Pearsall and Costigan, 1999, Rao et al., 2006) or 
comparing a BSP system with individual actual measured parameters (Andrews and Mish, 1996, 
Kingma et al., 1996b, Ganley and Powers, 2004). In general, all reports agreed that the difference 
in the BSPs caused by different algorithms only change the magnitudes of the kinetics without 
changing the trend. Further, there was a relatively small influence from BSPs on ankle moment, 
knee stance moment and hip stance moment, while the knee and hip moment during the swing 
phase are more affected, especially, by the mass of segment. 
 
So far, the most comprehensive sensitivity study was designed by Silva and Ambrósio (2004), in 
which the effect of errors in segments masses, GRF magnitudes, COP coordinates, anatomical 
landmarks, and estimated joint rotation axes, were determined with a whole body inverse 
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dynamics model with 16 segments. The results found were similar to the other error analysis 
studies that have been reviewed above. 
3.2.3.2 Previous Studies on Errors in Inverse Dynamics with Amputees 
In the gait analysis with the lower limb amputees, there are clear differences in the segment 
parameters due to the use of prostheses. Goldberg et al. (2008) published research on the effect of 
segment parameters that were measured directly or estimated from cadavers in gait analysis with 
TFAs. The segment parameters at the prosthetic side were (1) computed identically as intact leg 
and (2) directly measured (the measuring method will be introduced in Chapter 4) from 4 
unilateral TFAs. The ankle, knee and hip moments were calculated in sagittal plane during normal 
and fast walking. Significant differences were found in peak hip and knee flexor/extensor 
moments during the swing phase and the differences increased with walking speed (Goldberg et 
al., 2008). A statistically significant difference was also found in ankle stance peak moments, but 
the absolute difference was relatively small (0.01Nm/kg, less than 1% of magnitude) (Goldberg et 
al., 2008). 
 
As the prostheses allow comparatively convenient direct measurement of internal loads, amputee 
gait has also been used to assess the reliability of inverse dynamics. Dumas and Forssard et al. 
carried out two experiments to (1) compare the directly measured prosthetic knee forces and 
moments with inverse dynamics results using three different models (as showed in Figure 3-6) 
(Dumas et al., 2009) and (2) compare the hip moments and powers that were calculated from 
GRFs and from directly measured knee loads (Frossard et al., 2011a). It was found that the 
maximum root mean square errors in knee loads were relatively small and the 3 segment model 
showed less errors compared with the other two models (Dumas et al., 2009). When calculating 
the hip moments, the average differences in mean moments in frontal, sagittal and transverse 
planes were -0.65±3.30 Nm, 1.43±3.96 Nm and 2.19±2.45 Nm respectively during stance and -
1.17±0.60 Nm, 0.12±2.74 Nm and -0.86±0.27 Nm respectively during swing (Frossard et al., 
2011a). More differences were found in the hip energy generation (up to 58%) (Frossard et al., 
2011a). 
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Figure 3-6: (a) prosthetic limb with loads sensor and reflective markers for motion capture; (b) 3 segments 
free body diagram; (c) 2 segment free body diagram; (d) use external force times the level arm is added to 
the external moment to approximate joint moment (Dumas et al., 2009). 
3.2.4 Summary 
Generally speaking, the biomechanics models for inverse dynamics calculation were improved by 
adding more segments and allowing more DOF. But it needs to be noted that an increased number 
of markers were required to build a relatively complex model, which would not just require more 
time for data collection but also introduce more errors in the input data. The selection of 
biomechanics model should be based on a comprehensive consideration of subject condition, 
desired gait parameters, data collection efficiency and the acceptable error. Although many 
studies on error analysis have been performed, a sensitivity analysis of the applied biomechanical 
model is still necessary due to the difference in marker set, model construction, prosthetic 
segment parameters (PSPs) measuring method and experiment equipment. 
3.3 Gait Symmetry and Quantification Methods 
The symmetry between the left and right leg of healthy subjects used to be assumed in early gait 
analysis to simplify data collection and analysis (Sadeghi et al., 2000) and asymmetry is usually 
considered as an indication of pathological gait. Therefore, symmetry of gait has been commonly 
used to evaluate prosthetic gait (Nolan et al., 2003, Highsmith et al., 2010, Schaarschmidt et al., 
2012), the function of prosthetic components (Segal et al., 2006, Marinakis, 2004, Kaufman et al., 
2012), abnormal gait caused by the diseases that affect motor control (Kim and Eng, 2003, 
Sant'Anna et al., 2011) and so on. Affirmatively no-one can achieve perfect symmetry on all 
bilaterally measured parameters and, in order to define and compare the level of asymmetry, there 
are procedures in the methods to assess the symmetry in gait variables. The comparison of gait 
variables between the left and right sides can be divided into two situations: (1) compare 
magnitudes of certain parameters or points of interest in some gait variables and (2) compare the 
time waveforms of gait variables during a gait period.  
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3.3.1 Methods to Determine Asymmetry in Single Scalar Gait Variables 
Sadeghi et al. (2000) categorised the methods to determine the asymmetry in single scalar gait 
variables into two groups: statistical analysis and indices. Statistical analysis, such as T-test and 
analysis of variance (ANOVA), is one common and credible way to assess gait symmetry with 
relatively large sampling numbers (Oberg et al., 1994) and has been used to investigate the 
asymmetry of gait in healthy subjects and the effect of a dominant limb (Sadeghi et al., 2000). 
However, the use of statistical analysis can only determine the existence of asymmetry and a 
relatively larger number of trials are required to ensure the reliability of the statistical analysis 
results. Without quantifying asymmetry it is difficult to compare different individuals or evaluate 
the same subject before and after a treatment, etc. Therefore, another way to assess the asymmetry 
in gait variables is to introduce new parameters that can quantify asymmetry in the most 
commonly used gait variables. These are known as indices.  
 
The first index was introduced and named SI in 1987 by Robinson et al. (1987) to quantify the 
symmetry of peak values in GRFs in healthy subjects: 
 
𝑆𝐼 =
𝑋𝑅 − 𝑋𝐿
0.5 × (𝑋𝑅 + 𝑋𝐿)
× 100% (3.1) 
 
where XR is a gait variable that recorded from the right side and XL is the corresponding variable at 
the opposite. A value of zero represents perfect matching between the two sides. A positive value 
indicates greater magnitude at the right side while a negative value indicates higher measurement 
from the left side. The SI was then introduced into the gait analysis of amputees. As most people 
are right leg dominant and the unilateral amputees who participated in this study are mostly intact 
leg dominant, the SI is calculated in a similar way (Nolan et al., 2003): 
 
𝑆𝐼 =
𝑋𝐼 − 𝑋𝑃
0.5 × (𝑋𝐼 + 𝑋𝑃)
× 100% (3.2) 
 
where XI is a gait variable recorded from the sound side and XP is the corresponding variable from 
the prosthetic side. Then a positive value means there is greater magnitude at the intact side while 
a negative value indicates a higher measurement from the prosthetic side. The original SI has also 
been modified by obtaining the absolute value of SI and named as Absolute Symmetry Index 
(ASI) in some other previous researches (Nolan et al., 2003, Carpes et al., 2010, Giakas and 
Baltzopoulos, 1997). This modification was made to avoid false symmetry observed in the mean 
value of a sampling group when there were a number of subjects showing positive SI results and a 
similar number of other subject showing negative SI results with similar magnitudes. However, 
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this modification does not show which side of the limb had greater values. In GRFs, spatial-
temporal parameters, and peak joint angles, an ASI value that less than 10% is normally 
considered as highly symmetric (Sadeghi et al., 2000). There were many other indices introduced 
in the last three decades, such as Ratio Index (RI): 
 
𝑅𝐼 =
𝑋𝑅
𝑋𝐿
× 100% (3.3) 
 
Symmetry Angle (SA): 
 
𝑆𝐴 =
(45° − arctan (
𝑋𝐿
𝑋𝑅
) − 180°)
90°
× 100% 
(3.4) 
 
and Gait Asymmetry (GA): 
 
𝐺𝐴 = |𝑙𝑛 {
min(𝑋𝐿, 𝑋𝑅)
max⁡(𝑋𝐿, 𝑋𝑅)
}| × 100% (3.5) 
 
For each of the indices introduced above, there were several modified versions with minor 
changes in equation details. However, it can be noticed that the indices in single scalar gait 
variables all followed a similar form, which is using the ratio of one magnitude or magnitude 
difference between left and right variable to a relevant reference value to express the degree of 
asymmetry. The reference values are normally generated based on the variable that is being 
assessed. There is an obvious issue with this type of indices. When the reference value is small, an 
extremely large indices value might be generated from the same difference, which is not 
appropriate for evaluating gait symmetry and affects the results of a group especially when there 
is a comparatively small sampling population. In gait analysis, due to the remarkable inter-
individual difference in some variables, it is not rare to find some healthy subjects showing very 
small variable magnitudes while most of the others present greater values. Besides, this type of 
the indices can only been applied to single scalars. Therefore, when assessing the symmetry in 
kinematics and kinetics parameters, the single scalar indices are normally only applied to peak 
values and most of the other values would not be analysed. However, a major advantage of a 
single scalar SI is being comparatively efficient and simple. 
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3.3.2 Methods to Determine Asymmetry in Time Curves of Gait 
Variables 
As the low utilisation of gait data is considered as a drawback of the symmetry parameters for 
magnitudes, the parameters that assess the similarity of the time curves of gait variables have been 
recently suggested by an increasing number of researchers. There are some existing waveform 
comparison methods used in gait analysis, such as CMC. The CMC was introduced to evaluate 
the repeatability of the marker set rather than the symmetry of gait. The CMC for assessing the 
repeatability between test days, 𝑅𝑎
2, was given by Kadaba et.al (1989): 
 
𝑅𝑎
2 =
∑ ∑ ∑ (𝑌𝑖𝑗𝑡 − 𝑌?̅?)
2
/𝑇(𝑀𝑁 − 1)𝑇𝑡=1
𝑁
𝑗=1
𝑀
𝑖=1
∑ ∑ ∑ (𝑌𝑖𝑗𝑡 − ?̅?)
2
/(𝑀𝑁𝑇 − 1)𝑇𝑡=1
𝑁
𝑗=1
𝑀
𝑖=1
 (3.6) 
 
where Yijt is the tth time point of the jth trial on the ith test day, 𝑌?̅? is the average at time point t 
over NM gait cycles, 
 
𝑌?̅? =
1
𝑀𝑁
∑∑𝑌𝑖𝑗𝑡
𝑁
𝑗=1
𝑀
𝑖=1
 (3.7) 
 
and ?̅? is the grand mean over time and given by: 
 
𝑌?̅? =
1
𝑀𝑁𝑇
∑∑∑𝑌𝑖𝑗𝑡
𝑇
𝑡=1
𝑁
𝑗=1
𝑀
𝑖=1
 (3.8) 
 
Some features of CMC, for example, the high sensitivity to the shift of magnitude, make CMC a 
redundant as single scale indices may be used and methods that more sensitive to the changes of 
structure in a waveform are recommended, such as Principal Component Analysis (PCA) and TSI. 
PCA is a statistical method of classification and data structure detection that has been used in the 
assessment of symmetry in both single scalar variables and time curves to study the gait 
asymmetry in healthy subjects (Sadeghi et al., 2000, Sadeghi et al., 1997, Sadeghi, 2003). The TSI 
was first introduced by Crenshaw and Richards (2006) to assess the gait asymmetry by using 
eigenvectors. Fellin et al. (2010) summarised the calculation method into the following steps: 
1. The mean value of each kinematic curve was subtracted from each induvial time point on 
the curve: 
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{
𝑋𝑇𝑖
𝑌𝑇𝑖
} = {
𝑋𝑖
𝑌𝑖
} − {
𝑋𝑚
𝑌𝑚
} (3.9) 
 
where Xi and Yi are the original time points from the right and left waveform respectively, 
and Xm and Ym are the average values of each wave form. Ti represents the translated 
elements; 
2. The translated elements were input into a matrix with each pair of  points as a row; 
3. Singular value decomposition was applied to the matrix to obtain the eigenvectors; 
4. Each row of the resultant matrix was rotated by the angle θ measured between the first 
eigenvector and the X axis: 
 
{
𝑋𝑅𝑖
𝑌𝑅𝑖
} = [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] {
𝑋𝑇𝑖
𝑌𝑇𝑖
} (3.10) 
 
Where Ri indicates the rotated element of the data points in in waveform; 
5. The variance of the point is calculated along the X and Y axes, where the X-axis variance 
was the variance along the first eigenvector and the Y-axis variance was the variance 
about the first eigenvector; 
6. Divide the X-axis variance by the Y-axis variance. This ratio is the original TSI value 
introduced by Crenshaw and Richards, but it is then expanded by other researchers by 
adding one more step; 
7. The percent obtained in step 6 was subtracted from one.  
 
The calculation of TSI was then simplified by Kaufman et.al (2012). Two singular values can be 
obtained after applying singular value decomposition in step 2. The X-axis variance in step 5 
equals the first singular value squared and divided by n-1 and the Y-axis variance equals the 
second singular value squared and divided by n-1, where n is the total number of time points. This 
TSI ranges from 0 to 1 and a value of one represents perfect trend symmetry between the left and 
right side. A smaller value indicates more asymmetry in the trend of curve. Values ≥ 95% 
confidential interval based on a sagittal plane normative gait database of 96 healthy subjects are 
suggested to be considered as high similarity by Crenshaw and Richard (2006). Later, some 
researchers simplified the band of high similarity as a value of 0.95, probably because this value 
is close to the lowest 95% confidential interval value reported by Crenshaw and Richard (95% 
confidential interval value of sagittal plane ankle angle TSI is 0.94) (Fellin et al., 2010, Langley et 
al., 2015). A very important feature of the TSI values is that the differences in shift and multiplier 
of a waveform would not affect the TSI values at all (Crenshaw and Richards, 2006). 
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As TSI was not sensitive to the shift of magnitudes in waveform, two additional parameters, range 
amplitude ratio (RAR), and range offset, were introduced by Crenshaw and Richards (2006) to 
assist with assessment of gait asymmetry. In the non-amputee situation, RAR is expressed as a 
ratio of the left side joint to the right side ROM and in amputee’s condition, RAR equals to the 
ratio of the prosthetic joint to the intact joint ROM. A value of one shows the same ROM 
measured from the two sides. A value less than one means there is a smaller ROM at the left (or 
prosthetic) side and vice versa. Range offset is the difference between the average of left and right 
waveform. There is one further parameter, phase shift, introduced by Crenshaw and Richards to 
help to determine the phase relationship between time curves (Crenshaw and Richards, 2006).  
3.3.3 Summary 
In the analysis of gait symmetry, the comparison of the overall wave pattern could be a better 
option to improve utilisation of kinematic and kinetic gait variables in three planes. However, the 
use of indices is still required for the analysis of spatial-temporal parameters and allows 
comparison with previous studies. 
 
In this research, the SI has been chosen to assess symmetry in spatial-temporal parameters and the 
points of interest in the other kinematic and kinetic variables because it is (1) more frequently 
used in previous studies that involved amputees (Nolan et al., 2003, Marinakis, 2004, Highsmith 
et al., 2010, Schaarschmidt et al., 2012) and (2) more sensitive compared with the other 
commonly used single scalar indices (Blazkiewicz et al., 2014). The TSI is chosen to evaluate the 
symmetry of the mean time curves of joint angles and moments because (1) it has been previously 
used in the evaluation of prosthetic components with TFAs (Kaufman et al., 2012) and (2) it does 
not affected by the changes in the shift or multiplier of magnitudes in waveform (Crenshaw and 
Richards, 2006). In the additional parameters that introduced by Crenshaw and Richards, only the 
RAR is calculated in this research.  
3.4 Prosthetic Gait of Trans-Femoral Amputees 
With the assistance of prostheses, that to some extent replace the function of the lost limb, many 
TFAs can perform “normal walking” that fulfils the requirements in daily activities after training. 
However, compared with the biological limb, there are obvious limitations of the prostheses such 
as the lack of control, sensor feedback, etc., which restrict the safety and efficiency of walking. 
Gait analysis has been frequently used in evaluating amputee’s gait during treatment and 
rehabilitation. 
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3.4.1 Previous Studies on Conventional Amputee’s Gait 
A lot of research has been carried out with TFAs’ gait on level ground walking and some similar 
characteristics of this gait have been observed by different research teams: 
1. More asymmetry; 
Asymmetry is a widely recognised characteristic of unilateral TFA gait. The asymmetric gait 
causes postural adaptation and balance reactions, which can result in instability and falls 
occurring during walking (Lusardi et al., 2012). The asymmetry of gait is also considered as 
the cause of growth in osteoarthritis of the intact hip (Burke et al., 1978), the decrease in 
femoral neck bone density on the amputated stump (Kulkarni et al., 1998) and chronic 
degenerative changes in the lumbar spine and knees (Radin et al., 1973, Hurwitz et al., 
2001). 
2. More energy consuming; 
According to Waters et al. (1976), a vascular trans-femoral amputation will lead to about a 
66% increase in energy consumption during walking. Prostheses, prosthetic alignment and 
socket can significantly affect the energy expenditure of TFAs (Schmalz et al., 2002, 
Traballesi et al., 2011, Scherer et al., 1999). 
3. Lower speed; 
In self-selected normal speed walking, it has been reported that TFAs walked up to 37% 
slower than normal subject and up to 40% slower in self-selected fast speed walking (Waters 
et al., 1976, Boonstra et al., 1993, Jaegers et al., 1995, Chang et al., 2011). With increased 
walking speed, it was found that the TFAs prefer to compensate speed with greater stride 
length rather than step rate, especially for the individuals with short stumps (Jaegers et al., 
1995). 
4. Shorter stride length; 
Waters et al. (1976) found that the TFAs walked with the stride length between 14% to 29% 
shorter than normal subject.  
5. Greater stride width; 
In level ground self-selected normal speed walking, Jaegers et al. (1995) reported 24.7±4.54 
cm in TFA’s stride width, while the control group showed 18 cm. Highsmith (2010) reported 
20.7±4.2 cm in TFAs’ stride width, while the TTAs who participated in the same tests 
showed 15.4±3.1 cm. This is considered as a result of (1) prosthetic fabrication and 
alignment and (2) concerns with lateral stability and reducing fall risk (Highsmith et al., 
2010). 
6. Greater prosthetic side step length in good walkers; 
It has been noticed that the prosthetic-side step length is 9% to 16% longer than intact side 
(Sjödahl et al., 2002, Chang et al., 2011). However, in some study that TFAs walked at a 
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relatively shower speed (less than 1 m/s), the sound side might showed longer step length 
(Highsmith et al., 2010). 
7. Longer intact leg stance time; 
In normal gait, the stance phase takes about 58% of the entire GC at a comfortable walking 
speed and 54% during faster walking. For TFAs, Jaegers et al. (1995) recorded 63.4% 
(ranging between 59% and 69%) in normal speed walking and 61.6% (58% to 67%) when 
walking faster. A similar result (66.7±2.7%) was reported by Chang et al. (2011). 
8. Increased intact joint moments; 
It was found that the maximum knee extensor moment in TFAs was increased by about 44% 
compared with non-amputees during controlled speed walking (1.2 m/s) and the peak hip 
extensor moment was 61% greater (Nolan and Lees, 2000). In the frontal plane, Chang et al. 
(2011) noticed that the knee adduction moment was 32% greater than the prosthetic side and 
the hip adduction moment was 31% greater. 
9. Increased loads on the sound side; 
For TFAs Nolan (Nolan et al., 2003) reported up to 30% ASI in vertical GRF peaks and 52% 
in impulse, which are affected by walking speed and prostheses.  
10. Exaggerated pelvic motion; 
The constraints caused by the socket in TFAs resulted in increased hip extension on the 
intact side and reduced hip extension on the prosthetic side (Klotz et al., 2011). An anterior 
tilt in the pelvis was often used by TFAs to minimise this asymmetry (Tranberg et al., 2011). 
The increased motion in the lumbar area and could be a main reason for a high incidence of 
the lower back pain in TFAs (Burke et al., 1978). 
11. Increased plantarflexion at intact ankle during stance. 
In general, with a unilateral trans-femoral amputation, an individual’s gait becomes significantly 
more asymmetric and energy consuming, regardless of the functional characteristics of the 
prostheses (Lusardi et al., 2012).  
 
With the improvement of the prostheses and the increasing requirements of active prosthesis 
users, there have been some recent studies investigating the gait of TFAs on uneven ground. In 
2008, Vrieling et al. (2008) carried out a study with non-amputees, TTAs and TFAs to investigate 
the adjusted strategies in unilateral amputees during ascending and descending a 5% gradient 
slope. It was found that in TFAs, the hip swing flexion at initial contact and late swing increased 
and the hip extension at late stance reduced on both sides during uphill walking. As the TFAs 
could not increase the prosthetic knee flexion at initial contact in either uphill or downhill walking 
due to the limitation of mechanical prosthetic knee, a greater knee flexion during early stance on 
the intact side was noticed to compensate the prosthetic side (Vrieling et al., 2008). The slope 
ambulation has also been performed with TFAs to test powered prostheses (Sup et al., 2011). 
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3.4.2 Previous Studies on Osseo-integrated Amputee’s Gait 
Currently, the studies on osseo-integrated prosthesis are still fairly sparse, probably due to the 
limited research resource and time. There are three major categories of studies have been carried 
out: kinematic studies, kinetic studies, and finite element analysis (FEA) on the implant system. 
Since FEA of the implant is not part of this research, only the first two aspects will be reviewed in 
the following sub-sections. 
3.4.2.1 Kinematics 
An adequate hip ROM is essential for supporting basic motions according to Johnston and Smidt 
(1970) who investigated the requirements of the pattern of hip motion for selected daily activities 
in non-amputees. A full range of hip extension is the pre-condition for a usual stride length in 
normal gait (Perry and Burnfield, 2010).  
 
In 2005, Hagberg et al. (2005) presented a study on the hip ROM and sitting comfort of two 
groups of non-vascular amputees: socket-fixed prostheses users and bone-anchored prostheses 
users. When the subjects were measured without prostheses, not much difference in hip ROM was 
found. With the prosthesis attached, there was a clear decrease in all directions of hip motion for 
the socket prostheses group while the OI group showed no restriction of hip ROM.  
 
Another study that described the changes in both hip and pelvic kinematics was undertaken by 
Tranberg et al. (2011) and this research provided a more reliable contrast between the two fixation 
methods as it compared the 3D gait data from the same patient with socket prosthesis and osseo-
integrated prosthesis. The gait data with the conventional prosthesis was collected two days 
before the candidates received the OI procedure and post-operative gait analysis was carried out at 
their 2 years follow-up visits in Sweden (Tranberg et al., 2011). The changes in hip and pelvic 
motion in the sagittal plane were recorded from 19 patients. An improved hip extension of 
approximately 7° and a reduced anterior pelvic tilt of approximately 4° was found with potential 
further improvements (Tranberg et al., 2011). 
 
According to the review by Sullivan et al. (2003) based on the experience of using OI for TFA 
treatment in UK, the post-OI gait pattern with osseo-integrated prostheses did not change much 
compared with the pre-OI gait pattern with conventional socket prostheses and the improvements 
of gait pattern should not be listed as the main motivation for the offering OI surgery. This has 
also been mentioned by Hagberg and Brånemark (Hagberg and Brånemark, 2009, Tranberg et al., 
2011). 
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In 2010, Frossard and Hagberg et al. (2010b) presented a report on the functional outcome from 
12 osseo-integrated unilateral TFAs during level ground walking, in which the temporal gait 
characteristics were characterised with an emphasis on the stride-to-stride and participant-to-
participant comparison. The cadence (46±4 strides/min), the duration of the GC (1.29±0.11 s), 
support (0.73±0.07 s, 57±3% of GC) and swing (0.56±0.07 s, 43±3% of GC) phases of the osseo-
patients were respectively 2% quicker, 3%, 6% shorter and 1% longer than TFAs that use  sockets 
prostheses. 
 
Pinard et al. (2011) presented a preliminary report with temporal and spatial parameters recorded 
from 4 osseo-integrated TFAs. This research was then expanded to 11 subjects and the walking 
speed (0.85±0.13 m/s), cadence (47.78±3.71 steps/min), duration of the GC (1.27±0.112 s), stance 
phase (0.77±0.065 s, 60.27±3.09% of CG), swing phase (0.51±0.07 s, 39.73±3.09% of CG) and 
the step length (0.66±0.08 m at prosthetic side, 0.63±0.12 m at sound side) were reported (Pinard 
and Frossard, 2012). The results indicated a highly functional walking performance of osseo-
patient compared to normative data from conventional amputees.  
3.4.2.2 Kinetics 
It has long been known that bone remodelling happens as a result of the changes in its mechanical 
environment. Bone remodelling, especially the bone loss that is caused by inadequate mechanical 
simulation at the residual limb of amputees, is very likely to cause loosening of the implant. As a 
result, determining the forces and moments that act on the osseo-integrated implant system is an 
important study area. 
 
A total of 12 conventional TF socket prostheses users of an age group similar to that of the likely 
recipients of OI were recruited by Stephenson and Seedhom (2002) to estimate the forces and 
moments between the artificial limb and implant. The estimation of forces and moments was 
realised by using a marker to represent the position of the potential implant system and applying 
an inverse dynamic calculation. Average peak forces and moments acting on the stumps during 
the stance phase in level ground walking was summarised and presented. 
 
Besides the application of inverse dynamics, a direct measurement method using a load cell has 
been more frequently used and reports based on this type of device were based on a series of 
studies led by Forssard and Lee et al. (Lee et al., 2007, Lee et al., 2008, Frossard et al., 2010a, 
Frossard et al., 2010b, Frossard et al., 2008, Frossard, 2010, Frossard et al., 2003, Frossard et al., 
2011a, Frossard et al., 2009a, Frossard et al., 2010c, Frossard et al., 2009b). A 6 channel 
commercial transducer that can be fixed between the OI fixation and prosthesis was used to 
measure the loads that are directly applied to the abutment. The aim of this technique was to 
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realise the daily monitoring of the loads that were applied to the implant system (Frossard et al., 
2003, Frossard et al., 2008). 
 
In 2007, a study was presented on the kinematic data from 9 OI TFAs when they undertook daily 
activities, including straight-line level walking, stair and slope ascending and descending and 
walking around a circle (Lee et al., 2007). No significant changes were found in loads when doing 
different activities except that the moment about the medial-lateral axis was different, which was 
considered to be a result of the different strategies used in prosthetic knee control. In 2008, 
another research involving 12 subjects performing level ground walking was reported, in which a 
low step-to-step variability of each subject, but a high subject-to-subject variability of body-
weight normalised forces and moments and impulse data was found (Lee et al., 2008).  
3.4.2.3 Advantages and Limitations 
According to previous researches, the benefits of OI can be summarised in as follows (Sullivan et 
al., 2003, Hagberg et al., 2005, Hagberg and Brånemark, 2009, Hagberg et al., 2008, Frossard et 
al., 2010b, Brånemark et al., 2001): 
1. A full and unrestricted range of movement around the hip joint; 
2. Improved sensory feedback of the environment; 
3. Improved suspension of the prosthesis, with no functional lengthening during swing 
phase and a direct transmission of movement; 
4. No fitting problems due to the stump volume; 
5. No skin problem from the skin/socket interface; 
6. Improved sitting comfort; 
7. Easy of donning and doffing of prostheses; 
8. Highly functional levels of locomotion restoration and improved quality of life of the 
recipients. 
The disadvantages can be summarised in following aspects: 
1. Relatively very long rehabilitation program from first surgery to final independent 
walking requiring frequent visits to the rehabilitation canter (Sullivan et al., 2003);  
2. Risk of serious infection caused by the unsealed limb end (Sullivan et al., 2003); 
Two of the first 11 candidates in the UK have had the abutment and internal fixture 
removed following infection (Sullivan et al., 2003). The Swedish team also reported that 
some patients have to abstain from using the OI-prosthesis for a few days due to the 
superficial infection at the skin penetration area (Hagberg et al., 2008). 
3. Mechanical failure; 
Five of the first 11 candidates in UK have had the abutment replaced due to mechanical 
deformation following falls (Sullivan et al., 2003). Forssard et al. (2009b) report a 
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maximum force of 132% of the body weight and 153 Nm moment were applied on the 
long and medial-lateral axes respectively by the implant system when a femoral OI 
patient accidently falls during a circular walking test. 
4. Loosening of the fixture; 
Frossard (2008) mentioned that the loosening of implants after long-term usage might be 
a potential issue due to the load transfer from the bone to the implant. In Hagberg’s 
(2008) 2 year follow-up investigation on OI, one subject was reported who could not use 
the prosthesis due to serious pain that was found to be due to loosening of the implant 
(possibly related to osteoporosis). 
 
The Osseointegrated Prostheses for the Rehabilitation of Amputees (OPRA) protocol contains 
guidelines with regards to function and activities that the patients must be aware of: 
1. Strict candidate criteria; 
Candidates must have reached full skeletal maturity (no osteoporosis) and have normal 
skeletal anatomy.  Candidates must below 100kg and not over 70. Candidates must be 
suitable for surgery based upon medical history and physical examination (Sullivan et al., 
2003). 
2. Limited range of activities; 
The activities that are likely to threaten the status of the abutment and internal fixture, 
with regard to mechanical failure from overload and possible infection include running, 
jumping, heavy lifting, and with regard to environment include swimming (Sullivan et al., 
2003). Use of a stick is suggested when walking longer distances outdoors to optimise the 
gait pattern. 
3. Avoid falling induced failure; 
Use a torsion adaptor that attaches directly to the abutment to protect the abutment from 
excessive torque during a fall (Sullivan et al., 2003). 
4. Clean the abutment to avoid infection. 
Candidates are taught to clean the abutment penetration site and follow a regular care 
routine to maintain hygiene. 
 
In general, a significant improvement in the quality of life of trans-femoral amputees after 
applying the OI technique has been reported from several studies and most amputees showed 
increased activity with the OI technique than when using conventional prostheses (Frossard et al., 
2008, Hagberg et al., 2008, Hagberg and Brånemark, 2009).  
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3.4.3 Summary and Limitations in Pervious Prosthetic Gait Studies 
Although many studies have been carried out to investigate the gait of conventional TFAs, most 
of the research was performed on level ground only. Only a very limited number of studies focus 
on TFAs’ gait on uneven ground condition, which is commonly encountered in everyday life, 
especially in outdoor activities. 
 
There is no doubt that the amputees’ walking performance is closely linked with the prostheses in 
use. With the improvement of prosthetic design, the comparatively early studies provide limited 
information for supporting clinical and commercial development. Research with more recent 
prosthetic designs are required to keep the information of trans-femoral amputation treatment and 
rehabilitation up to date.  
 
In terms of gait analysis with osseo-integrated amputees, as OI has been applied to a very limited 
number of patients, the lack of subject source could be a main factor that restricts relevant studies. 
So far, there is no report on the GRFs, lower joint angles and lower joint moments from osseo-
integrated patients. Although there are several studies that focus on the loads applied to the 
abutment during walking, similar to the researches with conventional TFAs, research on osseo-
integrated patients mostly performed in level ground. 
3.5 Assessment of Prosthetic Ankles/Feet  
With the requirements of improving the design of prosthetic ankles/feet, many experiments have 
been carried out to evaluate and compare new prostheses. Gait analysis has been used in the 
comparison of prosthetic ankles/feet for decades to provide objective assessment and support 
prostheses optimisation.  
3.5.1 Considerations of Prosthetic Ankles/Feet Design and Evaluation 
Pitkin (1995) stated four mechanical functions that are required from prosthetic ankles/feet based 
on the concept of simulating natural human foot: 
1. Spring function or shock absorption that reduce impulse to the residual limb; 
2. Propulsion or push-off function for energy saving; 
3. Balance function or side to side motion to adapt to uneven ground conditions; 
4. Deceleration of dorsiflexion. 
The difference in the deceleration of dorsiflexion between a prosthetic foot and a biological ankle 
can be reflected by the change in plantarflexor moment in relation to the dorsiflexion angle as 
shown in Figure 3-7. In a follow-on theoretical study a substantial decrease in the stresses on the 
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trans-tibial amputated residuum was found when a biological-like moment was applied to the 
ankle of the mathematical model (Pitkin, 1997). 
 
 
Figure 3-7: The pattern of the platarflexor moment to deflection during the dorsiflexion period in (a) a 
SACH foot, (b) a conventional uniaxial foot and (c) biological ankle (Pitkin, 1995). 
 
In 2004, Hansen et al. (2004) discussed the implications for the design of biomimetic ankle 
prostheses based on their examination of the overall system characteristics of a non-disabled 
human ankle joint when walking at different speeds. They found that the non-disabled human 
ankle appears to change quasi-stiffness characteristics as walking speed is increased. The results 
suggest that a spring–damper system may be used to effectively mimic the human ankle for slow 
to normal walking speeds if the damper’s effect is reduced to zero as the speed approaches normal 
speeds. The results also suggest that an augmented system would be necessary to effectively 
mimic the behaviour of the ankle at fast walking speeds (Hansen et al., 2004). 
 
Versluys  et al. (2009) brought out the 3C-level concept (control, comfort and cosmetics) when 
reviewing the prosthetic feet that have been developed in the previous two decades and 
emphasised the importance of biomechanical bio-mimetics in prosthetic ankle/foot design. As 
mimicing the human ankle/foot function is universally accepted, when comparing different 
prostheses, the two most commonly used standards are (1) similarity to “normal” people and (2) 
relative symmetry between prosthetic leg and sound leg, which are desired results if the 
prostheses could practically replace the functions of the biological limb.  
 
The assessment of different prosthetic components can be carried out from two aspects: objective 
assessment and subjective assessment. Objective assessment involves various biomechanics and 
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physiological parameters, where the similarity to non-amputees and symmetry of gait are the most 
commonly used standards to evaluate if the prosthetic components contribute to better gait 
(Sagawa et al., 2011). The selection of objective parameters depends on the prostheses design 
concept, characteristics of the tested prosthetic components and the availability of equipment. The 
most common biomechanics parameters include spatial-temporal parameters, GRFs, lower joint 
kinematics and kinetics (Sagawa et al., 2011). Subjective assessment is generally obtained from 
questionnaires to supplement, explain and verify the objective parameters. Questionnaires allow 
the researchers to explore the sensory feedback caused by the different prosthetic components and 
understand the key issues in the requirements of amputees. 
 
Many different questionnaires have been used by researchers and manufacturers to evaluate the 
prostheses and the questions can be classified into five main aspects: comfort, efficiency, stability, 
flexibility and appearance (Wirta et al., 1991, Boonstra et al., 1996, Hagberg and Brånemark, 
2001, McNealy and Gard, 2008, Su et al., 2010). Two questionnaires from previous studies that 
investigate the effect of prosthetic ankles (McNealy and Gard, 2008, Su et al., 2010) were used as 
prototypes for designing the questionnaire in this research due to the similarity of the subjects and 
the research purposes. The final questionnaire included two groups of questions, group A 
questions were used to evaluate the prosthetic ankles/feet in each walking condition and group B 
questions were used to assess the overall performance of the prosthetic ankles/feet. The questions 
cover the subjective rating on walking effect, prosthesis comfort, stance stability, safety, roll-over 
fluency and so on. The questionnaire used in this project is attached in Appendix II. 
3.5.2 Previous Gait Studies on Prosthetic Ankles/Feet 
With the continual development of the new prosthetic ankles/feet, many experiments have been 
carried out to evaluate new prosthetic designs and compare the different prostheses. In this 
section, the review of the previous work is focused on tests that involve dynamic and articular 
prosthetic ankles/feet. The research before the 1980s and the studies on the new generation of 
prosthetic ankles/feet designs, which are not commercially available at the time of this research, 
have not been included. 
 
The earliest paper that has been reviewed is published in 1984, in which a biomechanical 
assessment of SACH and uniaxial feet was undertaken by Goh et.al (1984). Six TTAs and five 
TFAs with unilateral amputation participated and experimental prostheses that were sufficiently 
adaptable with both SACH and uniaxial feet were provided to minimise the influence from the 
other prosthetic components. The most significant difference was found in the temporal 
components of the stance phase where the uniaxial foot showed more similar features to the 
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normal subjects compared with SACH feet (Goh et al., 1984). Another significant finding was 
that the ankle angle during early stance in the uniaxial foot more closely resembled the  normal 
foot by providing plantarflexion (Goh et al., 1984). 
 
In a preliminary study assessing an energy-storing foot in 1989, the Flex-Foot was compared with 
the SACH foot (Nielsen et al., 1989). The tests were focused on energy cost and performed on 
level ground conditions at self-selected walking speed with unilateral TTAs. The results showed 
that the Flex-Foot enabled the amputees to walk at a faster speed without compromising gait 
efficiency (Nielsen et al., 1989). 
 
In 1991, five commonly prescribed ankle-foot prostheses, SACH, SAFE, SEATTLE, single axis, 
and multiple axis, were tested on 19 unilateral TTAs (Wirta et al., 1991). The test walks were 
recorded with each of the five types on level surface walking with usual, fast and slow speeds, 
usual speed walking on laterally inclined and declined surfaces, and usual speed walking on a 
ramp assembly to yield two ascents and two descents. Subjective rating by the amputees, which 
were related to age, body weight, length of residual limb, and ratio of stride frequency to stride 
length, served to resolve which physical variables determined the preferred ankle-foot device. The 
comprehensive analysis of objective findings and the subjective rating indicated that the shock 
absorption was the characteristic that most affected amputee’s walking experience (Wirta et al., 
1991). Therefore, the SAFE and SEATTLE drew most favourable comments from subjects. 
Although the SACH foot also demonstrated good damping features, the stiffness during stance 
was a main drawback limiting the performance. The single axis and multiple axis designs 
produced very varied reactions among different individuals (Wirta et al., 1991). 
 
In the next year, Barth et.al (1992) reported research carried out with six unilateral TTAs to 
compare six different prosthetic ankles/feet, the SACH, SAFE II, Seattle Lightfoot, Quantum, 
Carbon Copy II, and Flex-Walk. Motion analysis, GRFs and energy cost when using the various 
prostheses were analysed and the variables were compared between intact side and prosthetic 
side. The significant differences found in spatial-temporal parameters were, late stance 
dorsiflexion, ankle ROM during stance, and weight acceptance force (Barth et al., 1992). Based 
on this, Barth et.al suggested an individual selection criterion for the six prosthetic ankles/feet for 
amputees. 
 
The different prosthetic feet can also affect the performance of the sound limb and therefore 
another experiment that compared the effect of SACH, Flex-Foot, Carbon Copy II, Seattle, and 
Quantum feet on the intact limb was undertaken by Snyder et.al (1995) with 7 TTAs with vascular 
insufficiency. Significant differences were found in velocity and stride length, where Flex-Foot 
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showed greater values in both variables (Snyder et al., 1995). Both Flex-Foot and Quantum 
demonstrated greater dorsiflexion angles at the peak in terminal stance (Snyder et al., 1995). The 
Flex-Foot created a greater initial peak on the amputated side and a lower initial peak at the sound 
side (Snyder et al., 1995). The results proved that the intact extremity is also susceptible to the 
prosthetic design. 
 
In 1997, Macfarlane et al. set up two studies to compare the mechanical kinematic variables 
(Macfarlane et al., 1997a) and physiological parameters (Macfarlane et al., 1997b) between 
SACH foot and Flex-Foot with five unilateral TFAs. A hydraulic knee that was compatible with 
both types of prosthetic feet was used to minimise the influence of the other prosthetic 
components. The independent variables in the experiment were the type of prosthetic feet and the 
walking speeds (ranging from 1.5 to 3.5 mph). Analysis of the videotape data was conducted on 
the mean step length, early and late swing and stance phases, and double- and single-support 
phase for each speed. In mechanical gait analysis, the only significant differences due to the foot 
type were found in the sound side double- and single-support phase duration and the late stance-
phase ratio (ratio between the prosthetic and the intact sides), which was considered to be caused 
by the additional time for the push-off function provided by Flex-Foot (Macfarlane et al., 1997a). 
In physiological gait analysis, significant lower exercise intensity, less energy expenditure and 
ameliorated gait efficiency were found when using Flex-Foot compared with SACH (Macfarlane 
et al., 1997b). 
 
In the same year, Perry et al. (1997) carried out a study to identify the mechanical causes of 
instability during loading responses with three different prosthetic ankles/feet, Single Axis, Seattle 
Lightfoot, and Flex Foot. Ten TTAs participated in the research and a prosthesis that was 
compatible with all three types of prosthetic foot/ankle was used to reduce the errors caused by 
other prosthetic components. It was found that the Single Axis foot produced more rapid 
plantarflexion and dorsiflexion while the Seattle Lightfoot and Flex Foot showed delayed forefoot 
contacts that resulted in reduced forward progression in the loading response (Perry et al., 1997). 
 
Another experiment in 1997 assessed the biomechanical differences in four models of prosthetic 
feet, Otto Bock Dynamic Pro, Hanger Quantum, Otto Bock Multi Axial, and Otto Bock Lager 
(Postema et al., 1997). The first two models are energy storing feet and the last two models are 
considered as conventional prostheses. A double blind experiment was designed and the test was 
performed with 10 active TTAs on level ground at a self-selected velocity. No statistical 
differences were found in anterior/posterior GRF and energy storing/release (Postema et al., 
1997). 
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Later, a methodology for studying the effects of various types of prosthetic feet on the 
biomechanics of TFA’s gait with a limited number of participants was developed by van der 
Linden et al., in which four different prosthetic feet, the Springlite II, Carbon Copy III, Seattle 
LightFoot and the Multiflex foot were tested with two TFAs (van der Linden et al., 1999). The 
tests were carried out at normal (1.16 m/s) and fast (1.56 m/s) walking speeds. 3D gait analysis 
was applied to derive the time curves of the joint angles, inter-segmental moments and power at 
the ankle, knee and hip joints at both the prosthetic and sound sides. Linden et al. suggested 
recording five trials of each subject instead of over different subjects and then use repeated 
measures ANOVA with post-hoc Turkey test to determine the differences between the prosthetic 
ankles/feet (van der Linden et al., 1999). This methodology was then widely used by many other 
researchers in the evaluation of different prosthetic components (Segal et al., 2006, Goujon et al., 
2006, Burkett et al., 2003, McNealy and Gard, 2008, Graham et al., 2007, Ülger et al., 2009).  
 
A study on energy expenditure and biomechanical characteristics of lower limb amputee gait 
using different prosthetic alignments and components was carried out by Schmalz et al. (2002), in 
which both TTAs and TFAs participated. However, the test with five different prosthetic feet, 
Otto Bock 1S71, 1D10, 1D25, 1C40 and FLEX WALK II, was only performed with TTAs and no 
significant differences were found in the metabolic parameters (Schmalz et al., 2002). 
 
Zmitrewicz et al. (2006) reported GRFs and loading asymmetry determined from 15 senior 
unilateral TTAs with four combinations of prosthetic ankles/feet that incorporated energy storage 
and return foot (Carbon Copy II), SACH foot, and a multi-axis ankle component that was 
compatible with both feet. When the multi-axis ankle was used, significantly greater propulsive 
impulse was found at the residual limb with either foot, which improved the symmetry between 
the sound side and prosthetic side (Zmitrewicz et al., 2006). In addition, the multi-axis ankle led 
to an increased propulsive impulse duration at an approximately significant level (p=0.062) 
(Zmitrewicz et al., 2006). 
 
A comparative study between Multiflex and Vari-Flex feet was carried out by Graham et al. 
(2007) with 6 unilateral TFAs in level ground, normal and fast speed walking conditions. It is 
found that the use of Vari-Flex foot enabled faster walking and more symmetrical gait. Significant 
differences were found in fast walking speed and step length symmetry, prosthetic side peak 
dorsiflexion, and prosthetic ankle power at push-off. 
 
McNealy and Gard (2008) designed an experiment to examine and quantify temporal-spatial, 
kinematic, and kinetic changes in the gait of four male subjects with bilateral trans-femoral 
amputations who walked with and without prosthetic ankle units. Two prosthesis configurations, 
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Baseline with only two Seattle LightFoot2 prosthetic feet and with the addition of Endolite 
Multiflex ankle units, were examined in three self-selected walking speeds, slow, normal and fast. 
Gait data were compared between prosthetic configurations and with a control group of non-
amputee subjects. The results of the study showed that the prosthetic ankle units improved sagittal 
plane ankle ROM and increased the comfort and functionality of the amputees’ prostheses by 
restoring a significant portion of the ankle rocker mechanism during stance phase (McNealy and 
Gard, 2008). 
 
A study focused on the effects of increased prosthetic ankle motions on the gait of people with 
bilateral TTAs was carried out by Su et al. (2010). They designed a crossover experiment, in 
which 19 people with bilateral trans-tibial amputations were fitted with Endolite Multiflex Ankles 
(flexion unit) and Otto Bock Torsion Adapters (torsion unit) to increase relative motion between 
the prosthetic foot and socket in the sagittal and transverse planes respectively. Quantitative gait 
analyses were performed on subjects as they walked with four prosthetic configurations: baseline 
without flexion or torsion units, with only the flexion unit, with only the torsion unit, and with 
both the flexion and torsion units. Both the subjective and objective results suggest that prosthetic 
foot and ankle components that allow for greater sagittal and transverse plane rotations provide 
substantial benefit during walking and should be considered for persons with bilateral trans-tibial 
amputations (Su et al., 2010). 
 
In 2013, two reports on the performances of hydraulic ankles compared with fixed ankles were 
undertaken with TTAs (De Asha et al., 2013a, De Asha et al., 2013b). One study was focused on 
the COP trajectory during level ground self-selected speed walking and improvements contributed 
by the use of hydraulic ankle were found in (1) eliminated magnitudes in posterior COP 
dislocation, (2) reduced COP speed variability during single stance, (3) higher forward angular 
velocity of prosthetic shank during early stance and (4) faster self-selected walking speed (De 
Asha et al., 2013a). Another study was focused on joint kinetics when walking at relatively slow, 
comfortable and fast velocities and it was found that the hydraulic ankle enabled the subjects to 
walk at faster speeds without significantly increasing the joint work at the sound side (De Asha et 
al., 2013b). 
 
In the next year, a follow-on study on the effect of hydraulic ankle with both TTAs and TFAs was 
carried out on level ground at comfortable walking speeds (De Asha et al., 2014). For both TTAs 
and TFAs, a smoother progression of the COP was found at the prosthetic side as well as a 
reduction of COP (COP moving backward to the hind-foot direction) during prosthetic stance 
when fitted with hydraulic ankles (De Asha et al., 2014). A faster comfortable walking speed and 
bilaterally increased step length were also observed from two groups (De Asha et al., 2014). 
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3.5.3 Summary and Limitations in Previous Prosthetic Ankles/Feet 
Evaluation Studies 
The loss of a biological knee significantly increases the difficulty of walking and more adjustment 
in the posture of the pelvis and lower limb are required to compensate the limitation of prostheses 
functions. However, as the TTAs showed more crucial demands on the prosthetic ankles/feet 
functions, most of the studies comparing different prosthetic ankles/feet involved only TTAs, 
which limits the credibility of these studies for informing prostheses selection for TFAs. 
 
Similar to the studies on amputee’s gait, most of the tests on prosthetic ankles/feet were only 
carried out on level ground, while adapting to uneven ground is considered as an important 
function of a biological ankle/foot system. Therefore, the assessment of prosthetic ankles/feet on 
an inclined surface is needed to support prosthetic components selection, especially for high 
functional and active prostheses users in outdoor environments. 
 
Many experiments on the evaluation of different prosthetic ankles/feet have been performed to 
support the manufacturer to create and optimise commercial prosthetic ankles/feet design and it 
has been proved that the prosthetic ankles/feet could be a key factor that affect TFA gait. With the 
development of new prosthetic ankles/feet, the researches on more recent prosthesis designs are 
always in demands. 
3.5.4 Improvement in the Recent Hydraulic Ankle/Foot and Fixed 
Ankle/Foot Compared with Conventional Designs 
As introduced in Chapter 2, all three of the prosthetic ankle/feet designs tested in this research 
should be considered combining features from more than one classification of prosthetic 
ankles/feet to allow the benefits of different types of prosthetic ankles/feet been concentrated. 
With technological advance in prosthetics, some of the drawbacks that have been reported in 
previous studies on articular and fixed ankle designs have been addressed in more recent 
commercial designs. 
 
According to the subject comments reported by Wirta et al. (1991), the main issues with the 
earlier articulation designs are (1) the unsecure feeling probably caused by the lack of 
plantarflexor moment during mid-stance; (2) heavier weight; (3) not customised adjustable in 
stiffness during stance; and for single axis prosthetic foot, (4) a lack of inversion/eversion motion.  
 
As previously shown in Figure 3-7 (Section 3.5.1), the plantarflexor in the earlier single axis 
design was much smaller compared with either SACH foot or a biological foot before the ankle 
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reached the full range. The lack of plantarflexor moment leads to more rapid roll-over during mid-
stance, which strongly increases the feeling of unsafety and instability. The hydraulic designs 
allow a continually increased plantarflexor moment provided by the hydraulic unit to ensure the 
feeling of security, which is especially important during downhill walking for TFAs. In this work, 
the stable feeling of the hydraulic ankles/feet was confirmed by the subjects based on the 
statistical analysis of the questionnaires and is illustrated by feedback from the subjects, for 
example, subject TF5 commented on the Echelon foot that “there is significantly increase in 
safety and stability when coming down hill”.  
 
Heavier weight of the prostheses will lead to increased energy cost, which is considered as a main 
issue that counter the benefits of articular designs (Lusardi et al., 2012). The increased weight of 
prostheses more affects the amputees with relatively weaker residual limb as it increases the 
difficulty in swinging the prosthetic limb. The hydraulic ankles/feet that used in this research are 
about 0.5kg heavier than the fixed ankle/foot design, which might be a major factor that affects 
TFAs’ walking experience. There are questions regarding the weight of the prostheses in the 
questionnaire to check if there is notable issue caused by the weight of the prostheses. 
 
The response on the earlier single-axis prosthetic ankles/feet from participants in previous studies 
varied from too stiff to too smooth  (Wirta et al., 1991), which indicates the stiffness of the ankle 
joint were uniform and could not be customised based on individual requirement. The more recent 
single-axis designs all allow customised adjustment in the ROM and firmness (Lusardi et al., 
2012) and some designs such as the Elan foot has realised real-time control on the ankle ROM 
and resistance. 
 
Another main drawback of the single-axis prosthetic ankles is the lack of motion in the frontal 
plane (Lusardi et al., 2012). With no ROM allowed in the frontal plane at the artificial joint, the 
inversion/eversion motion in the hydraulic ankles/feet is generally achieved by the bending of 
springs and the mid-stance inversion/eversion angles will be measured during camber ambulation 
to investigate if the hydraulic ankles/feet could adapt to laterally inclined surface. 
 
Compared with the traditional SACH feet, the Esprit foot introduced dynamic foot characteristics 
through the use of carbon toe and heel springs, which theoretically provides more energy return at 
toe off and better impulse absorption during loading response (Blatchford Inc., 2016c). The toe 
and heel springs can also allow foot flat to provide compliance during mid-stance. As the foot 
parts of the hydraulic designs used in this study are almost the same as the Esprit, these features 
are presented by the hydraulic ankles/feet as well. This allows a better investigation on the effect 
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of hydraulic ankle by reducing the influences caused by the other part of the prosthetic 
ankles/feet.  
3.5.5 Potential Improvement in the Hydraulic Ankle/Foot Compared 
with Fixed Ankle/Foot 
According to the previous studies with the hydraulic ankles/feet, the advantages of hydraulic 
ankle/feet compared with the fixed ones can be summarised as: 
1. Increased self-selected walking speed with both TTAs and TFAs (De Asha et al., 2013a, De 
Asha et al., 2013b, De Asha et al., 2014); 
2. Decreases in the peak internal stresses and in the loading rate at the residual limb of TTAs 
(Portnoy et al., 2012); 
3. Reduction in peak negative COP velocity (during early-to-mid stance in amputee’s gait) 
along the plantar surface and the causal posteriorly travelled distance in COP at the prosthetic 
side of both TTAs and TFAs. Smoother and more rapid COP progress during this period (De 
Asha et al., 2013a, De Asha et al., 2014); 
4. Increased mean angular velocity at the prosthetic shank during double support phase (De 
Asha et al., 2013a); 
5. Reduction in peak hip flexor moment, ankle dorsiflexor moment, ankle negative work, ankle 
total work, and total lower joints work at the intact side of TTAs (De Asha et al., 2013b); 
6. Increases in the negative peak power at prosthetic side knee joint of TTAs (De Asha et al., 
2013b); 
7. Earlier timing when the prosthetic ankle moment changed from dorsiflexor to plantarflexor 
moment in TTAs (De Asha et al., 2013b); 
8. Increases in prosthetic ankle energy absorption in early stance and return in late stance in 
TTAs (De Asha et al., 2013b); 
 
Although there is no previous study that assesses the trend of the prosthetic ankle moment 
waveform, one report does provide a figure of calculated ankle moments as shown in Figure 3-8 
(De Asha et al., 2013b). From the waveform it can be seen that during the roll-over progress, the 
hydraulic ankle shows a trend that is more similar to natural ankle (concave curve) while the 
conventional rigid ankle shows a convex curve in both slow and normal speed walking like the 
figure given by Pitkin (Figure 3-7). 
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Figure 3-8: Mean (± 1 SD) speed normalised sagittal plane prosthetic ankle moment during stance phase 
from 8 TTAs using rigid (dotted lines) and hydraulic (solid lines) ankle-foot device calculated in three 
walking speeds (De Asha et al., 2013b).  
 
Based on the theoretical function of the prostheses design given and discussed in Section 2.4.3 
and Section 3.5.4, and the results from the previous studies, the potential improvements of the 
hydraulic ankles/feet compared with fixed ones to be found in this research include: 
1. Increased self-selected walking speed; 
2. Increased TSI values in sagittal plane prosthetic ankle moment in all walking conditions; 
3. Increased range of motion (in both dorsiflexion and plantarflexion) in the sagittal plane 
prosthetic ankle angle in all walking conditions; 
4. Enhanced stability and safety feeling of amputees during walking. 
3.6 Summary 
In this chapter, previous work in the three main areas relevant to the project were reviewed, which 
includes (1) technical aspects that covered inverse dynamics calculation using biomechanics 
models, potential errors in the inverse dynamics, and parameters and quantification method to 
evaluate gait asymmetry (2) previous gait studies on TFAs with conventional treatment and OI 
treatment and (3) previous gait studies to evaluate different commercial prosthetic ankles/feet. 
 
Many more biomechanics models than those reviewed have been developed for different 
researches in the last 3 decades, but only the ones with detailed descriptions available are given in 
this thesis. Despite the differences in details such as the location of embedded segment coordinate 
system (SCS), the general improvement in biomechanics modelling is the increased number of 
segments, which is realised by introducing more complex marker sets for motion capture. 
However, as far as computing the desired parameters, additional segments in a biomechanical 
model will not help to improve the accuracy of results but, on the contrary, may introduce more 
errors in inverse dynamics calculation and increase the degree of difficulty of data collection. 
Therefore, the selection of the appropriate biomechanics models should be dependent on the 
research purpose, subject condition, laboratory equipment etc. Different models reported from 
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different research teams showed a similar tendency in sensitivity but varied in the resulted error 
range. Therefore, it is necessary to perform a sensitivity analysis with the applied biomechanics 
model in this research and this has not been reported so far. 
 
A lot of studies have been carried out with conventional TFAs on level ground walking 
conditions, but very limited work has been done with camber and slope ambulation. Additionally, 
there is no systematic biomechanical study on an osseo-integrated subjects’ gait under different 
walking conditions. According to the review, there is also no widely accepted view on the 
features, advantages, and disadvantages of osseo-patients’ gait. 
 
There is not much work focusing on prosthetic ankles with TFAs and most studies that compare 
different prosthetic ankles/feet have below knee amputees as subjects. As with the studies on 
TFAs’ gait, most tests were carried out on level ground walking only. For unilateral amputees, 
asymmetric gait has been proved to link to several complications. Therefore, the symmetry of gait 
between the prosthetic side and sound side will be used as an important factor to evaluate the 
prosthetic gait in this project. In addition, there is no study investigating the requirements of 
osseo-patients with prosthetic ankles/feet and if the different prosthetic ankle/feet affect the torque 
applied to the abutment and implant system. Considering the osseo-patients showed a better 
sensory feedback, due to the use of bone-anchored prostheses, there might be increased the 
sensitivity of osseo-patients to torque, especially when walking on uneven ground. 
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Chapter 4 
4 Fundamental Theories and Methodology 
4.1 Introduction 
The aim of this chapter is to explain the details of theories of relevant technology, methodology, 
and algorithms. In the first section, the process of kinematic data acquisition using the optical 
motion capture system is introduced, which includes the theory of motion capture, information of 
the chosen marker set and the biomechanics model. The second section describes the calculation 
of segment parameters in the modelling of non-amputees and amputees with prostheses. The 
methodology of the kinetic data collection and relevant computing algorithm are expounded in the 
third section, which includes the calculation of GRFs from force plates, computing loads from the 
load cell, and the inverse dynamics approach for obtaining internal loads. This is followed by a 
summary on the software that has been used in this project. 
4.2 Kinematic Data Acquisition and Processing  
Kinematics is the term that is used for the description of human movement, which does not 
consider the forces that cause the motion. The common kinematic parameters that are used to 
characterise human gait include lower joint angles, such as pelvis angle, hip angle, knee angle and 
ankle angle, and spatio-temporal parameters, such as speed, cadence, stride length and stride time. 
Some kinematic parameters, like linear and angular displacements, velocities, and accelerations of 
the lower body segments, are not commonly used for presenting motions, but are essential for 
some subsequent calculations and analyses that are associated with the kinetic data. 
4.2.1 Qualisys Optical Motion Capture System 
In this research, the kinematic data will be collected by an 11-camera 3D motion capture system 
(ProReflex, Qualisys AB, Sweden, CAMERA TYPE: 7 ProReflex MCU500 and 4 ProReflex 
MCU240) that detects passive reflective markers placed on subject’s skin surface. The overview 
of the camera system in the Gait Laboratory at the University of Surrey is shown in Figure 4-1 
left. 
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Figure 4-1: 11-camera 3D motion capture system at the University of Surrey Gait Laboratory and a MCU. 
 
A ProReflex Motion Capture Unit (MCU, as shown in Figure 4-1 right) contains groups of 
infrared light diodes mounted around the lens, which can flash at any integer frequency between 1 
Hz and the maximum frequency supported by the MCU. The infrared light is reflected back to the 
camera lens by the markers on the body and tracked by the charge-coupled device image sensor 
by creating a circular reproduction in the 2D view of the camera. By using a patented sub-pixel 
interpolation algorithm, the 2D coordinates of the centre point of each marker can be calculated 
by the MCU in real-time with high accuracy. Then the 2D data are transported to the host 
computer where the 3D track of each marker can be generated using commercial software. The 
outputs of the 3D motion capture system are the displacement data of each marker over the whole 
measuring period in a global coordinate system (GCS).  
4.2.2 Marker Set, Segment Coordinate System and Lower Joint Centres 
The lower joint centres need to be estimated from the marker positions that are determined by the 
Optical Motion Capture system. A good estimation of joint centres from 3D marker data is 
achieved by the application of appropriate standard arrangements of the marker locations (marker 
set) based on palpable anatomical landmarks (Cappozzo et al., 1995). There are hundreds of 
different marker sets that have been used in clinical and investigative movement analysis for 
difference research purposes. Specific to the inverse dynamics calculation in gait analysis, the 
number of applied markers ranges from several to dozens according to the number of segments in 
model and the associated DOF as previous reviewed in Chapter 3. Although there were 
adjustments in the marker locations based on the research requirements, most marker sets are 
developed and optimised from some basic marker sets. The Helen Hayes (HH) set, a marker 
system and algorithms introduced by Kadaba et al. (1990) from Helen Hayes Hospital (West 
Haverstraw, New York, USA), can be considered as one of the most commonly used marker sets. 
A variation of the HH set, shown in Figure 4-2, which is currently in use for ordinary clinical gait 
analysis at Queen Mary’s Hospital (Roehampton, London, UK), is chosen for this research. The 
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protocol used, with detailed information of marker placement and relevant anthropometric 
parameter measurements to ensure the repeatability of the marker set is outlined in Appendix III. 
The whole marker set includes 15 reflective markers and the name, type and locations of each 
marker are described in Table 4-1. The biomechanics model that was used in conjunction with 
this marker set includes seven segments: pelvis, two thighs, two shanks, and two feet. 
 
 
Figure 4-2: Variation of the Helen Hayes set. 
 
Table 4-1: Information and location of markers in the Variation of Helen Hayes Set. 
Marker Name Marker Type Diameter Location 
SACRUM short base 14mm Between the left and right posterior superior iliac spines 
LASIS short base 14mm 
Over the anterior superior iliac spine 
RASIS short base 14mm 
LTHIGH wand base 14mm Laterally on the thigh, approximately midway on a line 
between the greater trochanter and the knee joint line RTHIGH wand base 14mm 
LKNEE short base 14mm 
Laterally at the knee joint line 
RKNEE short base 14mm 
LSHANK wand base 14mm Laterally on the shank, approximately midway on a line 
between the knee joint line and the lateral malleolus RSHANK wand base 14mm 
LANKLE short base 14mm 
On the lateral malleolus 
RANKLE short base 14mm 
L1MET short base 9.5mm 
On the 1st metatarsal heads 
RIMET short base 9.5mm 
L5MET short base 9.5mm 
On the 5st metatarsal heads 
R5MET short base 9.5mm 
 
The SCS is defined by the anatomical skeleton structure. The origin of a SCS is normally located 
at a joint centre (except the pelvic segment) and the three axes are respectively parallel with the 
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three anatomical planes of a body segment that is determined by at least 3 non-collinear markers 
or landmarks. Figure 4-3 demonstrates the embed SCSs in the pelvis, left thigh, left shank and left 
foot in this research. The detailed steps for calculating the lower joint centres from the marker 
locations are described in Appendix IV. The joint angles, linear and angular velocities of lower 
segments, and accelerations can then be computed from the SCSs as given in Appendix V. 
 
 
Figure 4-3: Lower extremity model and embed SCSs. 
4.3 Anthropometry  
Anthropometry is the major branch of anthropology that studies the physical measurements of the 
human body to determine differences in individuals and groups. In inverse dynamics calculation, 
anthropometry data are essential for building a biomechanics model based on a rigid body 
assumption. For each segment in the model, the following information is required: 
1. Segment coordinate system; 
2. Location of proximal end of segment; 
3. Location of distal end of segment; 
4. Segment geometry; 
5. Segment length; 
6. Segment mass; 
7. Location of COM; 
8. Moment of inertia.  
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4.3.1 Non-amputee Body Segment Parameters  
The segment length, mass, location of COM, and moment of inertia are normally referred together 
as the BSPs that are generated from an individual’s body height and weight with some 
proportionate parameters. For non-amputees, although there is some technology that allows more 
accurate measurement of BSPs specialised to individual (Andrews and Mish, 1996, Kingma et al., 
1996b, Ganley and Powers, 2004, Norton et al., 2002), most gait studies use the proportionate 
parameters that have been determined from cadaveric studies to calculate the BSPs. The most 
widely used proportionate parameters for 2D models, include segment mass, COM, and moment 
of inertia and are listed in Appendix VI with descriptions of the relevant calculations. These were 
summarised by Winter (2009) from several studies based on a cadaveric database from the 1970s. 
Some of the anthropometric parameters in 3D models are the same as 2D models, such as the 
segment mass. 
 
In 3D modelling, a body segment can be assumed as a rigid conical frustrum with uniform density 
as shown in Figure 4-4.  
 
 
Figure 4-4: Biomechanics modelling of body segment. 
 
As most natural proportionate parameters cannot be used to calculate the relevant anthropometric 
data of amputee’s residual limb, the mass is estimated from segment volume and density: 
 
𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡 = 𝑉𝑠𝑒𝑔𝑚𝑒𝑛𝑡 × 𝜌𝑠𝑒𝑔𝑚𝑒𝑛𝑡 (4.1) 
  
where 𝑉𝑠𝑒𝑔𝑚𝑒𝑛𝑡 =
1
3
𝜋𝐿(𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙
2 + 𝑅𝑑𝑖𝑠𝑡𝑎𝑙
2 + 𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙𝑅𝑑𝑖𝑠𝑡𝑎𝑙) and the radius is determined 
from the perimeter. The density of different segment is also listed in Appendix VI. 
 
The distance from the proximal end to the COM of this conical frustrum is: 
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𝑑 =
1
4
(
1 + 2𝜇 + 3𝜇2
1 + 𝜇 + 𝜇2
) ,𝑤ℎ𝑒𝑛⁡𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 > 𝑅𝑑𝑖𝑠𝑡𝑎𝑙⁡ 
𝑑 = 1 −
1
4
(
1 + 2𝜇 + 3𝜇2
1 + 𝜇 + 𝜇2
) ,𝑤ℎ𝑒𝑛⁡𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 < 𝑅𝑑𝑖𝑠𝑡𝑎𝑙 
(4.2) 
  
where μ = Rdistal/Rproximal. 
 
The principal moment of inertia about the COM is given by (Whitsett, 1963): 
 
𝐼𝑥 = 𝐼𝑦 = 𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡[𝐴 (
𝑚
𝛿𝐿𝑠𝑒𝑔𝑚𝑒𝑛𝑡
) + 𝐵𝐿𝑠𝑒𝑔𝑚𝑒𝑛𝑡
2 ] 
𝐼𝑧 =
2𝐴𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡
2
𝛿𝐿𝑠𝑒𝑔𝑚𝑒𝑛𝑡
 
(4.3) 
  
where Ix and Iy are the moment of inertia in extension/flexion and abduction/adduction about 
proximal end, respectively, Iz is the moment of inertia in external/internal rotation, and 
 
𝛿 =
3𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡
𝜋𝐿𝑠𝑒𝑔𝑚𝑒𝑛𝑡(𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙
2 + 𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙𝑅𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑅𝑑𝑖𝑠𝑡𝑎𝑙
2 )
 
𝐴 =
9
20𝜋
[
1 + 𝜇 + 𝜇2 + 𝜇3 + 𝜇4
(1 + 𝜇 + 𝜇2)2
] 
𝐵 =
3
80
(
1 + 4𝜇 + 10𝜇2 + 4𝜇3 + 𝜇4
(1 + 𝜇 + 𝜇2)2
) 
(4.4) 
 
4.3.2 Residual Limb and Prosthetic Segment Parameters 
The amputation and use of prosthesis undoubtedly changes the segment parameters and 
modifications are required based on new assumptions and measuring methods. For TFAs, the 
parameters of prosthetic foot and shank can be determined by direct measurement while the thigh 
segment requires comprehensive calculation of the residual limb, fitting socket and other devices. 
The measuring method of PSPs used in this research is developed by Goldberg et al. (2008) for a 
study on the influence of applying BSPs and PSPs in inverse dynamics of TFA. 
 
The residual limb of the amputee subjects are modelled as a series of rigid geometries as 
demonstrated in Figure 4-5. During the data collection, the circumference of the residual limb was 
measured using a tape measure with 3 cm intervals and the measurement locations were recorded 
relative to the ASIS and greater trochanter. The density of stump is assumed the same as a non-
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amputee’s thigh segment. Then the segment mass, COM, and moment of inertia are calculated 
based on this geometry. 
 
 
Figure 4-5: Biomechanics modelling of residual limb (left) and anthropometric parameters recorded during 
data collection (right). 
 
Prostheses are dissembled firstly and the mass of each segment is measured. Then the segments 
are hung to determine the period of oscillation as showed in Figure 4-6 (a). The COM is assumed 
in line with the long axis and determined by a balance test as shown in Figure 4-6 (b). Then the 
moment of inertia is calculated by: 
 
𝐼𝑥 = 𝐼𝑦 =
𝑇2𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑔𝑑
2𝜋2
 (4.5) 
  
 
Figure 4-6: The method for measuring PSPs developed by Goldberg et al. (2008). (a) Measuring the period 
of oscillation (T) and (b) measuring the centre of gravity. 
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In this project, a sharp edge was used to do the balance test and a device that had been designed in 
previous project (as shown in Figure 4-7) was used to measure the period of oscillation in pilot 
test.  
 
 
Figure 4-7: The device for measuring the period of oscillation of prosthetic foot and shank segment. 
 
For external/internal rotation, the segments are modelled as either a cylinder or conical frustrum 
and the computation of moment of inertia is similar to that used in calculating residual limb’s 
parameters. 
4.4 Kinetic Data Collection and Processing 
Kinetics is the term for the study of force, moment and the resultant energetics. GRF and lower 
joint loads are the most common kinetic parameters that are used for the description and 
assessment of gait. Additionally, in the study with osseo-integrated patients, a load cell was used 
to record the forces and moments that were applied to the abutment during different walking 
conditions. 
4.4.1 AMTI Force Plate 
In this research, two AMTI force plates (Amti Ltd., USA, MODEL: BP400600HF-2000) will be 
used and the specifications and dimensions are provided in Appendix VII. The following 
introduction and calculation method is specific to this type and model of force plate. 
4.4.1.1 General Information 
The force plate measures six load components, three force components and three moment 
components. When a force is applied on the top surface, 6 analogue signals, that contain the 
information about the 6 load components, will be exported from the force plate to an amplifier 
and then transferred to an analogue data acquisition board and finally recorded on a computer. In 
this research, the analogue signals will be recorded by Qualisys Track Manager (QTM, version 
2.6 build 682) at the same time as the kinematic data. Subsequent signal processing with the 
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specific calibration parameters associated with each force plate is required to calculate the load 
components, the coordinates of the COP and free moments. The conversion between analogue 
signals and load components are automatically calculated in QTM and the details are also 
described in Appendix VII. 
 
The local coordinate system (LCS) of the force plate is defined by its geometry. As the load is 
applied to the top surface of the force plate in most cases, the top surface is defined as the x-y 
plane and the origin is at its geometrical centre. The positive y axis points away from the cable 
connector as shown in Figure 4-8, the positive x axis points to the left when facing the positive y 
direction, and positive z axis points down.  
 
However, the measured load components are not based on this local origin but on a point located 
a distance below the surface of top plate. This point is called the true origin and any application of 
force at this point should, in theory, produce zero moment output. The coordinates of the local 
origin about the true coordinate system, known as X, Y and Z offset (X0, Y0, Z0), are determined as 
part of the calibration procedure during the force plate manufacture and are given in the 
calibration report that is supplied with each force plate. As the true origin is located inside the 
force plate, Z0 should always be negative. Figure 4-8 also shows the LCS, the true origin and true 
axes. 
 
Then the transformation of the coordinates between the two coordinate systems is: 
 
𝑥 = 𝑥′ − 𝑋0
𝑦 = 𝑧′ − 𝑌0
𝑧 = 𝑧′ − 𝑍0
 (4.6) 
  
 
Figure 4-8: Schematic drawing of the true origin and true axes (x’, y’, z’) of an AMTI force plate. Modified 
from AMTI official technical drawing. 
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4.4.1.2 Calculation of the Centre of Pressure 
When ‘clean’ (single foot only) contact is applied to the force plate, the three components of the 
resultant applied force are independent of the true origin location while the moments are related to 
the force components. The relation between measured loads and the free moments are: 
 
𝑀𝑥 =⁡𝐹𝑥 × 0 − 𝐹𝑦 × 𝑧′ + 𝐹𝑧 × 𝑦′ + 𝑇𝑥 ⁡
𝑀𝑦 =⁡𝐹𝑥 × 𝑧′ + 𝐹𝑦 × 0 − 𝐹𝑧 × 𝑥′ + 𝑇𝑦
𝑀𝑧 =⁡−𝐹𝑥 × 𝑦′ + 𝐹𝑦 × 𝑥′ + 𝐹𝑧 × 0 + 𝑇𝑧
 (4.7) 
 
Where x’, y’, z’ are the coordinates of the COP of the load about the true origin, Fx, Fy, Fz, Mx, My, 
and Mz are the forces and moments converted from the analog signals, and Tx, Ty and Tz are the 
free moments applied to the top of the plate. Equation 4.7 can also be written in vector form as: 
 
?⃗⃗? = ⁡𝐶𝑜𝑃′⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × 𝐹 + ?⃗?  (4.8) 
 
This relationship between the forces and moments allows the calculation of the position of COP to 
be estimated when a load is applied on the force plate. In this study, several different walking 
environments are set up to simulate the real walking conditions in an amputee’s everyday life. As 
a result, beside level measuring conditions, an extended measuring range of GRF for the stairs and 
slopes are required. This is achieved by using mobile ramp and stair platform elements that can be 
fixed on floor level mounted force plates. The idea of this application is described by Simon et al. 
and the calculation for transformation of the kinetic data is provided (Simon et al., 2007). 
Although the mobile ramp and stair elements used in this study are designed following Simon’s 
description, the calculations to estimate the position of COP’ are modified to simplify the 
calculation during data processing. The connection between the platform elements and force 
plates are assumed to be rigid and the dimensions are assumed exactly the same as the design 
specification in following calculations.  
 
In this research, there were four different ground conditions: level ground, stairs, slope and 
camber. The slope ambulation is known as ascending and descending slope, while the camber 
walking is traversing the platform that has a slope that is inclined laterally to the walking 
direction. To distinguish the two types of slopes, the second slope walkway is termed camber in 
this thesis. In order to obtain the GRF in all conditions, there are specific elements attached on the 
force plate as showed in Figure 4-9. The following calculation method was used in first platform 
validation test which does not involve the motion capture system. 
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Figure 4-9: Sagittal view of a force plate (a) in level condition, (b) with stair element, (c) with inclined 
slope element, and (d) with camber element. 
 
Both level walking and obstacle crossing are performed on level ground. As no extra assemblies 
are associated with the force plates, the Z coordinate of the GRF always equals 0. Under a normal 
condition, there is no physical way to apply Tx or Ty in level walking, so Tx = Ty = 0. Then based 
on equation 4.7, the formulae for calculating coordinates of the COP’ are: 
 
𝑥′ =
−𝑀𝑦 + 𝐹𝑥 × 𝑍0
𝐹𝑧
⁡
𝑦′ =
𝑀𝑥 + 𝐹𝑦 × 𝑍0
𝐹𝑧
𝑧′ = 𝑍0
 (4.9) 
  
And the free moment about Z axis is: 
 
𝑇𝑧 = 𝑀𝑧 + 𝐹𝑥 × 𝑦′ − 𝐹𝑦 × 𝑥′⁡ (4.10) 
 
Stair ambulation is similar to the level ground condition as the top surface of the staircase element 
is horizontal (Figure 4-9 (b)) and there is no physical way to apply Tx or Ty. A constant distance H, 
the height of the staircase element, in negative direction of z axis is considered as the z coordinate 
of any GRF.  
 
Then the formulae for calculating coordinates of the COP’ should be: 
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𝑥′ =
−𝑀𝑦 + 𝐹𝑥 × (𝑍0 − 𝐻)
𝐹𝑧
⁡
𝑦′ =
𝑀𝑥 + 𝐹𝑦 × (𝑍0 − 𝐻)
𝐹𝑧
𝑧′ = 𝑍0 − 𝐻
 (4.11) 
The calculation of free moment is the same as for the level ground condition. 
 
In the inclined ramp walking condition, the inclined direction of the slope is parallel with the 
subject walking direction while in camber ramp walking condition, the inclined direction of the 
slope is perpendicular to the walking direction. In this study, the positive Y direction of the force 
plate LCS is the same as the positive walking direction. Figure 4-9 (b) and (c) shows concept 
views of a force plate with an inclined slope element and a camber slope element. 
 
When a load is applied on the top surface of an inclined ramp element, there is no physical way to 
apply Tx, so Tx = 0. Ty and Tz are determined from the free moments that are perpendicular to the 
top surface, so 
 
𝑇𝑦
𝑇𝑧
= tan𝜃 =
𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤
𝐿
 (4.12) 
 
Where θ is the angle of the slope, L is the length of the force plate, HLow is the height of lower 
edge of the element and HHigh is the height of higher edge of the element. 
There is an obvious geometric relationship in the LCS between y and z: 
 
𝑧 = −[
𝑦 + 0.5𝐿
𝐿
× (𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤) + 𝐻𝑙𝑜𝑤] (4.13) 
 
Then the x’, y’, z’, Ty and Tz can be obtained by solving the linear equation group that contains 5 
equations, which requires a comparatively complex calculation process. In order to simplify the 
calculation, Ty is assumed to equal zero. This is because in normal walking conditions, there 
should not be a large free moment applied perpendicular to the top surface and the degree of slope 
is very small (below 5 degrees). With this assumption, y’, z’, and x’ can be obtained in order by: 
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𝑦′ =
𝐹𝑦 × [(𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤) × (𝑌0 − 0.5𝐿) − 𝐿 × (𝐻𝑙𝑜𝑤 − 𝑍0)] + 𝑀𝑥 × 𝐿
𝐹𝑧 × 𝐿 + 𝐹𝑦 × (𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤)
 
𝑧′ = −[
𝑦′ − 𝑌0 + 0.5𝐿
𝐿
× (𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤) + 𝐻𝑙𝑜𝑤] + 𝑍0 
𝑥′ =
−𝑀𝑦 + 𝐹𝑥 × 𝑧′
𝐹𝑧
 
(4.14) 
 
The calculation for the camber ramp is similar. The major difference is the change of geometric 
relationship, where z is related to x instead of y: 
 
𝑧 = − [
𝑥 + 0.5𝑊
𝑊
× (𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤) + 𝐻𝑙𝑜𝑤] (4.15) 
 
Where W is the  width of the force plate. Then x’, z’, and y’ can be calculated in order by: 
 
𝑥′ =
𝐹𝑥 × [(𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤) × (𝑋0 − 0.5𝑊) − 𝑊 × (𝐻𝑙𝑜𝑤 − 𝑍0)] − 𝑀𝑦 × 𝑊
𝐹𝑧 × 𝑊 + 𝐹𝑥 × (𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤)
 
𝑧′ = −[
𝑥′ − 𝑋0 + 0.5𝑊
𝑊
× (𝐻ℎ𝑖𝑔ℎ − 𝐻𝑙𝑜𝑤) + 𝐻𝑙𝑜𝑤] + 𝑍0 
𝑦′ =
𝑀𝑥 + 𝐹𝑦 × 𝑍′
𝐹𝑧
 
(4.16) 
 
The free moment Tz can be solved using the same equation as the level ground condition after 
obtaining the coordinates of the COP’. 
 
When use in conjunction with the motion capture system, the COP’ can be computed in a relative 
simply way as the COP’ is translated along the force vector to the top surface of the force plate. 
However, initially this requires the transformation of the GRFs from LCSs to GCS and this is 
outlined in the next section. 
4.4.1.3 Transformation between Local and Global Coordinate System 
The kinetic data measured by the force plates are about the LCSs. When the force plates work 
together with the motion capture device, there is an inevitable demand to transfer the local kinetic 
data to a GCS. Figure 4-10 shows a schematic drawing of the relative positions of the LCSs of 
two force plates and the GCS of 3D motion capture system in the movement analysis laboratory. 
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Figure 4-10: Schematic drawing of the top view of the motion capture system and two force plates. The 
GCS is drawn in blue colour and LCSs are in red colour. 
 
To transfer the forces, free moments and the location of COP from a LCS to the GCS, the position 
of the origin of the LCS about the GCS (Ox, Oy, Oz) is needed for translation, and the orientations 
of the local plates (θx, θy, θz) is required for generating rotational transformation. These parameters 
are computed from the global coordinates of the four corners (𝑃1⃗⃗  ⃗, 𝑃2⃗⃗⃗⃗ , 𝑃3⃗⃗⃗⃗ , 𝑃4⃗⃗  ⃗⁡) of each force plate 
which are measured during the setting up of the laboratory after the force plates been mounted 
(Figure 4-11). 
 
 
Figure 4-11: Example of the corner coordinates in GCS of a force plate. 
 
For force and free moment transformations only the rotational transformation is required: 
 
𝐹 𝑔𝑙𝑜𝑏𝑎𝑙 = 𝑅
𝑡𝐹 𝑙𝑜𝑐𝑎𝑙 
?⃗? 𝑔𝑙𝑜𝑏𝑎𝑙 = 𝑅
𝑡?⃗? 𝑙𝑜𝑐𝑎𝑙 
(4.17) 
 
where R
t
 is a 3 × 3 rotation matrix that can be generated by: 
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𝑈𝑥⃗⃗ ⃗⃗  =
𝑃4⃗⃗  ⃗ − 𝑃3⃗⃗⃗⃗ 
|𝑃4⃗⃗  ⃗ − 𝑃3⃗⃗⃗⃗ |
 
𝑈𝑦⃗⃗ ⃗⃗  =
𝑃2⃗⃗⃗⃗ − 𝑃3⃗⃗⃗⃗ 
|𝑃2⃗⃗⃗⃗ − 𝑃3⃗⃗⃗⃗ |
 
𝑈𝑧⃗⃗ ⃗⃗ = 𝑈𝑥⃗⃗ ⃗⃗  × 𝑈𝑦⃗⃗ ⃗⃗   
𝑅𝑡 = |
𝑈𝑥𝑥 𝑈𝑥𝑦 𝑈𝑥𝑧
𝑈𝑦𝑥 𝑈𝑦𝑦 𝑈𝑦𝑧
𝑈𝑧𝑥 𝑈𝑧𝑦 𝑈𝑧𝑧
| 
(4.18) 
 
For the COP coordinate transformation, both translation and rotational transformation is required: 
 
𝐶𝑂𝑃⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑔𝑙𝑜𝑏𝑎𝑙 = ?⃗? + 𝑅
𝑡𝐶𝑂𝑃⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑙𝑜𝑐𝑎𝑙 (4.19) 
 
where ?⃗?  is the position of the origin of the LCS about the GCS: 
 
?⃗? =
𝑃1⃗⃗  ⃗ + 𝑃2⃗⃗⃗⃗ + 𝑃3⃗⃗⃗⃗ + 𝑃4⃗⃗  ⃗
4
 (4.20) 
 
When there is a stair or slope element on the top of force plate, the four corners of the top surface 
can be detected in the same way as force plates. Then the original GRF vector can be transferred 
collinearly from the level ground force plate to the top surface (as demonstrated in Figure 4-12) 
and the coordinates of the COP’ in the GCS is at the intersection point of GRF vector and top 
surface. This calculation method was used in the second force plate validation test. 
 
 
Figure 4-12: Demonstration of the transfer of original force vectors to slope top surface when a subject 
making clean single foot contacts on two elements that mounted on force plates. The original GRF vectors 
are in red colour and the transferred GRF vectors are in yellow colour. 
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4.4.2 JR3 Multi-Axis Load Cell 
A commercial transducer (JR3 Inc., USA, MODEL: 45E15A-U760-A 1000N125) was be used in 
this study for collecting prosthetic knee loads from OI participants. The same model of the load 
cell has been used in many kinetic studies on OI amputee gait organised by Frossard et al. (Lee et 
al., 2008, Lee et al., 2007, Frossard et al., 2009b, Frossard et al., 2010c, Frossard, 2010). This type 
of the device was initially developed and tested on conventional socket prosthesis users in 2003. It 
has since been improved to provide a continuous recording system of the load acting on the OI 
fixation of TFA during rehabilitation exercise of long duration normal daily activities (Frossard et 
al., 2008, Frossard et al., 2010a, Frossard et al., 2011b, Frossard et al., 2009a, Frossard et al., 
2003). The following introduction and calculation method is specific to this type and model of 
load cell.  
 
The JR3 load cell is generally cylindrical in shape (38.1 mm in depth, 114 mm in diameter). The 
two parallel sides are named robot side and tool side respectively. The load cell is mounted by the 
bolts on the robot side and detects loads from the tool side. Figure 4-13 shows the coordinate 
system of the JR3 load cell. The reference point for all loading data is at the geometric centre of 
the load cell. The x-y plane is parallel with the robot and tool sides and z axis is perpendicular to x 
and y axes pointing from the centre of load cell to the robot side. The measured forces and 
moments follow the right hand rule. A schematic drawing of the load cell with dimensions is 
provided in Appendix VIII. The signal processing of the JR3 load cell is similar to AMTI force 
plate. 
 
 
Figure 4-13: Load cell axis orientation from robot side.  
4.4.3 Computation of Net Joint Forces and Moments Using Inverse 
Dynamics  
The net joint kinetics is computed using an inverse dynamics method. After calculating the 
kinematic data, anthropometric data, and external kinetic data, the calculation of joint forces and 
moments can be implemented using the following recursive scheme from free-body diagrams. 
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The calculation begins from the most distal segment and each segment fulfils Newton/Euler 
Equations: 
 
∑𝐹 = 𝑚𝑎  
∑?⃗⃗? = 𝐼𝛼  
(4. 21) 
 
Suppose segment j is at the proximal side of segment i, then  
 
𝐹 𝑗𝑑𝑖𝑠𝑡𝑎𝑙 = −𝐹
 
𝑖𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙  
?⃗⃗? 𝑗𝑑𝑖𝑠𝑡𝑎𝑙 = −?⃗⃗?
 
𝑖𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙  
(4.22) 
 
In this research, the inverse dynamics calculation will be performed in Visual3D, in which an 
iterative algorithm for the proximal joint force is used. Take a three segment model for example, 
as shown in Figure 4-14, the net force at proximal joint of segment i is: 
 
𝐹 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 = ∑𝑚𝑖
𝑛
𝑖=1
(𝑎 𝑖 + 𝑔 ) + ∑𝐹 𝑒𝑥𝑡𝑒𝑛𝑎𝑙 (4.23) 
 
where mi is the mass of segment i, 𝑎 𝑖 is the acceleration of the COM of segment i , n is the 
number of distal segments connected in chain, and 𝐹 𝑒𝑥𝑡𝑒𝑛𝑎𝑙 is the external force that is applied on 
segment i and distal segments. 
 
 
Figure 4-14: Three segments free body diagram. 
 
The moment about long bone axis is computed in SCS: 
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𝐶 𝑖
′ = 𝐼𝑖𝛼 𝑖
′ + ?⃗? 𝑖
′ × (𝐼𝑖?⃗? 𝑖
′) (4.24) 
  
The inertial torque is transferred from the SCS to the GCS using the transformation matrix that is 
computed from the kinematic data. Then the moment acting on a segment due to the inertial terms 
is: 
 
?⃗⃗? 𝑖 = 𝐶 𝑖 + 𝐶 𝑖−1 + 𝑟 𝑖 × 𝐹 𝑖 + 𝑟′⃗⃗ 𝑖 × 𝐹 𝑖−1 (4.25) 
  
Expanding the force terms and reducing the resulting equation yields the proximal moment due to 
the inertial forces and applied moments at the joint. 
 
?⃗⃗? 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 = ∑[𝐶 𝑖 + ?⃗? 𝑖 × 𝑚𝑖(𝑎 𝑖 + 𝑔 )]
𝑛
𝑖=1
+ ∑(?⃗? × 𝐹 𝑒𝑥𝑡𝑒𝑛𝑎𝑙) + ∑𝜏  (4.26) 
 
where ?⃗?  is the vector from the application point of external force to the proximal joint of segment 
i and ?⃗? 𝑖 is the distance from each distal segment’s COM to the proximal joint. 
4.5 Software 
The information of all the software that has been used in this project for data collection, 
processing and analysis is listed in Table 4-2. Matlab was used in the calculation of CMC, TSI, 
COP coordinates in force plate validation experiment, load cell data, and PSPs. Microsoft Excel 
was used in the computing of RAR and SI. QTM is the control software for Qualisys motion 
capture system, video cameras and two AMTI force plates. It was used in data collection and 
marker labelling. Solid Edge was used to design the concept model of camber, slope and stair 
platforms. SPSS was applied to carry out repeated measures ANOVA on the variables. Tracer 
DAQ is the recording software for the load cell signals. Visual 3D is professional software for 
biomechanical modelling and computing. Most of the kinematic and kinetic data are processed in 
Visual 3D and the gait parameters of all the subjects are generated with individual matched 
biomechanics models. 
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Table 4-2: The software has been used for data collection, processing and analysis. 
Software Name Version Corporation 
Matlab 7.14.0.739  The MathWorks Inc., MA, USA 
Microsoft Excel 2010 - Microsoft, USA 
Qualisys Track Manager 2.6.682 Qualisys, Sweden 
Solid Edge ST5 - Siemens, German 
IBM SPSS Statistics 22.0.0.0 IBM, USA 
Tracer DAQ Professional 2.2.0.0 Measurement Computing 
Visual 3D v5 Professional 5.02.23 C-Motion, USA 
4.6  Summary 
In this chapter, the theory and methodology that have been used in this project are described along 
with detailed algorithms. This covers all the technology in the pre-experiment work, pilot and 
main data collections, data processing and analysis. The entire processes of biomechanical gait 
data collection, biomechanical modelling and gait parameters computation have been described. 
Although the explanations were only provided for the applied technology, most of the 
fundamental theories are common and similar among current clinical gait analysis and this chapter 
would be helpful to develop and understanding of biomechanical gait analysis. Many complex 
calculations can be accomplished in a relatively simple way using professional software. 
However, the comprehension of fundamental theories allows better understanding of the 
advantages and limits of the research and helps with the analysis of observations. 
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Chapter 5  
5 Experimental Setup and Validation 
5.1 Introduction 
This chapter describes the preliminary experiment work undertaken to guarantee the data 
collection process and the quality of the data generated. There are four main aspects of this pre-
experiment work: 
1. Calibrate the load sensor for recording the force and moments from the abutment of 
osseo-integrated patient. 
2. Develop camber, slope and stairs that allow AMTI force plates to record GRF and 
validate the reliability of the GRF measured under camber, slope and stair walking 
conditions; 
3. Undertake repeatability tests on marker placement and analyse the errors that might be 
cause by marker location variation; 
4. Sensitivity analysis of the potential errors in PSPs and GRFs that may affect the inverse 
dynamics outcomes; 
5.2 JR3 Multi-Axis Load Cell Calibration 
All JR3 load cells undergo manufacturer calibration before being sent to customers. However it 
has been a long time since the University unit was received, therefore, re-calibration was required 
to ensure that the load cell was mechanically sound and able to provide accurate measurement in 
this project.  
 
Based on the installation manual provided by the manufacturer, the load cell has an accuracy of 
0.25% of its full scale with +/- 12V to 15V supply voltage.  However, testing showed the 
measured loads were increased as the supply voltage increased. It indicated that the load cell 
requires a constant input voltage to maintain its measurement accuracy. Take the Z axis force for 
example, as shown in Figure 5-1, when a constant load is applied, the measured force increased in 
proportion as the supply voltage change from 12V to 15V. When the supply voltage was 
regulated, the measured force showed an acceptable linearity (±0.4% non-linearity of full scale 
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output, Figure 5-2) and repeatability (Figure 5-3). The same situation was observed in the other 
channels.  
 
The load cell has manufacturer built-in electronics. The most likely cause of the problem that the 
measured loads increased as the supply voltage increased seen above was the damage to the built 
in voltage regulator of the load cell. As the load cell does not allow any custom adjustment, an 
external voltage regulator was used to stabilise the input voltage for the strain gauges circuit of 
the load cell. Then the major task of calibration was to determine the scaling parameter for each 
channel with the external voltage regulator. 
 
 
Figure 5-1: The results from the load cell with different supply voltages when a constant load (178N) is 
applied towards the Z axis negative direction. 
 
 
Figure 5-2: The results from the load cell with constant supply voltage (-15V and +14.8V).  
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Figure 5-3: Repeatability test result at ± 12V. Two weights have been measured by the load cell for 5 times 
with 10 minutes interval. 
5.2.1 Data Acquisition System  
The system used for the calibration consisted of a JR3 load cell, a power supply unit (ISO-TECH, 
IPS1125), a voltage regulator (providing a fixed voltage at -15V and +14.8V), a USB A/D module 
(Measurement Computing, PMD-1608FS) and a laptop with data acquisition software TracerDAQ 
Professional. The connection diagram is demonstrated in Figure 5-4. A photo of the whole data 
acquisition system is shown in Figure 5-5. The same system was used with the data collection 
with the osseo-integrated subjects. 
 
 
Figure 5-4: Connection diagram of data acquisition system. 
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Figure 5-5: Connection diagram of data acquisition system. 
5.2.2 Calibration Experiment Design 
16 known weights were used for the load cell calibrations (Figure 5-6). By grouping different 
weights, a number of loads between 0N to 700N can be achieved with relatively even increments. 
For each channel (in both positive and negative directions), the measurements under different 
loads were carried out. At each load, the measurement lasted for 10 seconds at a sampling rate 
120Hz. The raw data, the output voltages from all channels, were saved in text files. In the 
subsequent processing, the raw data were converted into forces and moments in Matlab using the 
calibration matrix provided by the load cell manufacturer.  
 
 
Figure 5-6: Weights used for JR3 load cell calibration. 
 
The calculation of the scaling parameters was performed in Excel. For each direction of an axis, 
the real loads were divided by corresponding measured loads and the average of the results was 
used as the scaling parameters. Then all measured loads were multiplied by the scaling parameters 
and the adjusted results were compared with real loads for error analysis. 
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5.2.3 Results 
The calibration results are listed in Table 5-1. After applying scaling parameters, the errors in all 
channels can be controlled within 0.5% of the full scale value. 
 
Table 5-1: Load cell calibration results. 
Forces Channels 
Channel and Direction Fx- Fx+ Fy- Fy+ Fz- Fz+ 
Full Scale (N) 1000 1000 1000 1000 2000 2000 
Maximum Load in Test (N) -389.59 -3820.34 -389.59 389.79 -701.62 242.40 
Number of Samples 40 40 40 40 70 25 
Scaling Parameter 0.84 0.84 0.84 0.84 0.83 0.83 
Average absolute Error 1.55 1.01 1.16 0.80 1.81 0.40 
Standard Deviation of Errors 1.32 1.76 0.72 0.82 1.75 0.24 
Max absolute Error 4.74 4.74 2.89 3.13 7.57 0.92 
Average absolute Error/Full Scale 0.16% 0.10% 0.12% 0.08% 0.09% 0.02% 
Max absolute Error/Full Scale 0.47% 0.47% 0.29% 0.31% 0.34% 0.05% 
Moment Channels 
Channel and Direction Mx- Mx+ My- My+ Mz- Mz+ 
Full Scale (Nm) 114 114 114 114 114 114 
Maximum Load in Test (Nm) -36.25 36.27 -36.25 36.25 -22.94 22.94 
Number of Samples 40 40 40 40 20 20 
Scaling Parameter 0.88 0.87 0.89 0.88 0.88 0.81 
Average absolute Error 0.06 0.13 0.03 0.08 0.02 0.01 
Standard Deviation of Errors 0.04 0.11 0.02 0.11 0.01 0.01 
Max absolute Error 0.17 0.38 0.08 0.45 0.04 0.04 
Average absolute Error/Full Scale 0.05% 0.11% 0.03% 0.07% 0. 01% 0.01% 
Max absolute Error/Full Scale 0.15% 0.33% 0.07% 0.39% 0.04% 0.04% 
5.2.4 Discussion 
The scaling parameters for the forces and for the moments are very similar, which agrees with the 
assumption that the inner regulator of load cell has failed. An accuracy of 0.5% of the full scale is 
considered to be satisfactory for this research. It matches the accuracy of AMTI force plates and 
AMTI force plates have been used in many other gait studies that apply inverse dynamics 
calculation. 
 
A similar error range was found by Mulder with a JR3 load cell in the same series with the same 
full scale accuracy (Mulder, 2003). Mulder tested the accuracy of the forces measured in z axis 
(maximum load used: 1500N) and reported an average error value of 2.85N (0.14% of full scale), 
with an absolute maximum of 11.7N (0.59% of full scale). 
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During the calibration, an error that will occur in gait data collection was noticed. The prosthetic 
limb adaptor of the load cell was attached at the robot side and the weight of this adaptor is 
measured by the load cell as well as the other loads. So the outputs of the load cell without 
external loads are recorded and used as offsets to eliminate the effect of the limb adaptor. During 
the calibration, the offsets were recorded every time the load cell was fixed. This is because the 
weight of the limb adaptor may add to different channels when the position of load cell changes as 
showed in the Figure 5-7. During the gait data collection, the load cell will be fixed with the 
prostheses and swing with the leg, which means the offset changes constantly all the time. 
However, only one group of offsets, the one that recorded with the load cell z axis downward, will 
be used. Based on the offsets measured in calibration progress, this issue may cause a maximum 
error of 10 N in Fx and Fy (1% of full scale), 15 N in Fz (0.75% of full scale), 0.5 Nm in Mx and My 
(0.44% of full scale), and 0.1 Nm in Mz (0.09% of full scale).  
 
 
Figure 5-7: Schematic drawing of the load cell (a) placed with x axis upward and (b) placed with z axis 
upward. In (a) the weight of adaptor is added to Fx and in (b) is added to Fz. 
5.3 Development of Slopes and Stairs Associated with AMTI 
Force Plates 
To investigate the TFA’s gait on camber, slope and stairs, there is a requirement for different 
walkways in the laboratory. Although the manufacturer of the AMTI force plate provides a smart 
stair design that can be used with two force plates to measure 4 steps in stair ambulation, the 
model of the current force plates in the University of Surrey Gait Laboratory is not compatible 
with this design. There was also no existing inclined walkway in the laboratory. Therefore, the 
camber, slope and stair need to be designed and built in the laboratory to allow the gait be tested 
under these different walking conditions. 
5.3.1 Requirements and Concept Design 
Although some prosthetic gait studies have involved stair and slope ambulation, there is no widely 
accepted protocol for the dimensions of a laboratory set up. A summary of the dimensions of 
stairs and ramps used in previous studies is listed in Table 5-2. At the time of designing the 
camber walkway, there was only one previous study investigating the amputee’s gait on cambers 
Chapter 5.Experimental Setup and Validation 
 
80 
and the dimension of the camber was 7°, 0.75m in width and 6m in length (Wirta et al., 1991). 
The camber walking research that has been carried out with non-amputee subjects used a 10° in 
incline (Damavandi et al., 2010, Dixon et al., 2011, Damavandi et al., 2012). The height of the 
obstacles that were used for lower limb amputees in previous studies ranged from 1cm to 36cm 
(Hill et al., 1997, Hill et al., 1999, Vrieling et al., 2007, Vrieling et al., 2009, van Keeken et al., 
2012, Barnett et al., 2013). However, 10cm is the most commonly used height as it is considered 
to be high enough to cause obvious changes in locomotion and representative of many obstacles 
encountered in common in daily living (Barnett et al., 2013). 
 
Table 5-2: Dimensions of slopes and stairs used in previous prosthetic gait studies with unilateral TTAs 
and TFAs (Goh et al., 1984, Vickers et al., 2008, Vrieling et al., 2008, Chengqiu et al., 2009, Fradet et al., 
2010, Sup et al., 2011, Powers et al., 1997, Yack et al., 1999, Schmalz et al., 2007, Alimusaj et al., 2009, 
Lee et al., 2007, Hayashi et al., 2011, Jin-ling and Dong-yun, 2013). 
Researchers Year Subjects 
Slope Stair 
Length Width Degree Steps Rise Tread Width 
Wirta et al. 1991 TTA 6m 0.75m 7° - - - - 
Powers et al. 1997 TTA - - - 4 15cm 27cm - 
Yack et al. 1999 TTA - - - 3 18cm 25cm 76cm 
Schmalz et al. 2007 TTA TFA - - - 2 - - - 
Lee et al. 2007 TFA - - 6.5° - 30cm 34cm - 
Vickers et al. 2008 TTA 7m 1.2m 5° - - - - 
Vrieling et al. 2008 TTA TFA 2m - 2.86° - - - - 
Li and Morimot 2009 TTA - - 10° - - - - 
Alimusaj et al. 2009 TTA - - - 5 15cm 32cm 80cm 
Fradet et al. 2010 TTA 3.5m - 7.5° - - - - 
Sup et al. 2011 TFA - - 5°, 10° - - - - 
Hayashi et al 2011 TFA - - 10° - 18cm 32cm - 
Chen and Gu 2013 TTA - - 10° - - - - 
 
It has been reported that the dimensions of the slope and stair showed significant influences to the 
gait of non-amputees (Lay et al., 2006, Stacoff et al., 2005, Leroux et al., 2002, Kawamura et al., 
1991, Han et al., 2009). Considering the characteristics of the subjects that will participant in this 
research, the BSI Standards Publication “Design of buildings and their approaches to meet the 
needs of disabled people - Code of practice” (BS 8300:2009+A1:2010) was used to guide the 
design. In general, the most challenging dimensions within the limitations suggested by the 
British Standards were selected. The major requirements of the designs are:  
1. All platforms must be stable and slip proof to ensure the safety of participants, especially 
amputees; 
2. All platforms should be easily positioned, as during data collection, different walking 
pathways need to be set up within a few minutes; 
3. The elements associated with force plates should not be directly in contact with the other 
platforms or the surrounding floor to ensure the accuracy of kinetics data; 
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4. When using the ramp or stair elements, the forces and moments that are applied on the 
force plates should not exceed the measuring range of the force plate, even in accidental 
conditions; 
5. The ramps should be long enough and the stair should contain enough steps to allow the 
subject reach a “normal” walking state before the kinetic data is collected; 
6. For stair design, there should not be more than one foot in contact with one element 
during normal ambulation; 
7. The errors in the measured GRF from platform elements should not exceed the common 
agreed error range. 
 
The concept design was created in Solid Edge ST5 and the dimensions are attached in Appendix 
IX. The slopes and stairs were built using wood by a technician in the Gait Laboratory at 
University of Surrey. Figure 5-8 shows the camber, slope and stair walkway assembled in the 
laboratory 
 
   
(a) (b) (c) 
Figure 5-8: Photos of (a) camber walkway (2.5°, 6 m in length, 1 m in width); (b) slope walkway (5°, 6 m 
in length, 1 m in width); (c) stairs (5 steps, 0.18 m in rise, 0.3 m in tread, 1 m in width). 
5.3.2 Validation of the Kinetic Data from Force Plate with Pointer 
As introduced in Chapter 2, the GRF is detected by force plates during gait data collection. Most 
force plates are mounted on the level ground and used for measuring level walking only. To meet 
the needs of this project, camber, slope and stair apparatus were built with special elements that 
can accommodate the force plates. Relevant computation methods in ideal conditions are 
described in Chapter 4. However, in practice, there are errors caused by non-rigid connections, 
inaccurate dimensions of elements, deviation in alignment between elements and force plates etc. 
As a result, a validation experiment is required to verify the reliability of the measured quasi 
kinetic data. 
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5.3.2.1 Experiment Design 
The validation experiment is designed based on the assumption that the accuracy of the two 
AMTI force plates is still within the range stated by the manufacturer after being used for a few 
years. The accuracy of force plates is guaranteed by the calibration process in the factory using 
professional devices that apply certain forces and moments to assigned points of force plate. In 
previous studies, there have been various devices and experiments designed by other researchers 
to validate the kinetic data from force plates inside the laboratory (Gill and O'Connor, 1997, 
Browne and O'Hare, 2000, Cedraro et al., 2009, Cedraro et al., 2008). By comprehensively 
considering the theory introduced in Chapter 4, previous force plates validation experimental 
designs, and the equipment that is available in the University of Surrey Gait Laboratory, the errors 
in coordinates of COP were used to evaluate the reliability of the measured quasi kinetic data.  
 
The general idea of the validation experiment was to determine the accuracy of the coordinates of 
the COP when a load is applied on the force plate with or without camber/slope/stair elements. As 
the COP coordinates are calculated from the forces and moments, the coordinates are accurate 
only when the loads are correctly detected. If similar results were found when using different 
force plate elements, it is considered that the accuracy of measured quasi kinetic data from 
slope/stair elements is acceptable. Currently, there is not a widely agreed error range in COP 
coordinates as the standards used by the manufacturers are applied to the measured forces and 
moments as a certain proportion of the full scale. However, it is suggested by the technique 
support team from c-motion (manufacturer of commercial CalTester, CalTester is a force plate 
calibration device and will be introduced in Section 5.3.3), based on the experience of the optical 
camera system assisted force plate re-calibration technique, to take 1cm as the threshold of an 
acceptable error range. 
 
Two A3 size pieces of graph paper were placed on the top surface of one force plate or force plate 
element as shown in Figure 5-9 (a). The graph paper, elements and force plates were manually 
aligned with help of a ruler. A pointer with a round end (diameter: 5mm) was used to apply the 
load to a small area (Figure 5-9 (b)). For each walking condition, 20 points on one force plate 
were randomly selected for measurement. Each record lasted for 10 seconds at a sampling rate 
120Hz. The load was applied immediately after QTM started recording and maintained until the 
recording ended. The pointer was dipped with ink and left a mark on graph paper at the selected 
point. 
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Figure 5-9: (a) A3 graph papers on the top surface of force plate and element combination; (b) Application 
of the load at a point on the on the top surface of force plate. 
 
In subsequent analysis, the quasi kinetic data in the last 3 seconds of each 10-second recording 
was used to compute the coordinates of the COP in the LCS following the methods described in 
Chapter 3. In theory, the same coordinates should be obtained regardless of the magnitude and 
direction of the applied load as long as the load is at a fixed point. Then the average of the COP 
coordinates (for that load application) was compared with the reading from graph paper. On the 
graph paper, the COP was identified from the centre of the ink mark as demonstrated in Figure 5-
10. 
 
 
Figure 5-10: Define COP from point marks. 
 
5.3.2.2 Results 
The validation experiment results are listed in Table 5-3. The z coordinates are not listed in the 
table because the z coordinates are either fixed in value (in level and stair conditions) or 
calculated from the x or y coordinates (in the slope conditions). 
 
Table 5-3: Mean differences and the maximum differences observed from 20 points on two force plates 
(unit: mm). 
 
Average absolute 
differences in x Axis 
Maximum 
differences in x axis 
Average absolute 
differences in y axis 
Maximum 
differences in y axis 
Force plate 1 
Level 2.53 6.52 2.93 8.64 
Camber 2.06 4.22 3.80 7.93 
Slope 2.87 7.56 4.44 11.10 
Stair 3.10 6.66 6.47 10.52 
Force plate 2 
Level 2.15 6.19 3.70 9.51 
Camber 1.37 3.83 3.59 9.32 
Slope 1.66 5.33 3.24 9.89 
Stair 2.93 6.36 2.83 7.44 
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Most of the points with comparatively larger differences are located closer to the edge of force 
plates and the points in the central area normally show higher accuracy. As displayed in Figure 5-
11 and 5-12, the points with errors more than 1% of the force plate size under different walking 
conditions are marked with circles (errors in x axis are marked with blue circles, in y axis are 
marked with red circles, and in both axes are marked with purple circle). For force plate 1 with 
the stairs, the negative part of the y axis cannot be measured as each stair is designed to use half 
the force plate to measure the walking load. The points in the same quadrant of each condition 
have similar trend in errors. Comparing with the other conditions, the errors that occur in force 
plate 1 with stairs are significantly larger. 
 
 
Figure 5-11: The points with the more than 1% of force plate size errors in force plate 1. The reading 
results are marked with blue crosses and the calculated results are marked with red crosses. 
 
 
Figure 5-12: The points with the more than 1% of force plate size errors in force plate 2. The reading 
results are marked with blue crosses and the calculated results are marked with red crosses. 
5.3.2.3 Discussion 
The errors in reading the results from the graph papers came from following aspects: 
1. Reading error;  
The smallest division of the graph paper is 1 mm and the reading error is ±0.5 mm. 
2. Errors of identifying centre of marks;  
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Every mark was left by the pointer after 10-second pressing, but only the data in last 3 
seconds were processed. Because the pressing was applied manually, the COP actually 
changed all the time. The diameter of the pointer is 5mm which may introduce a ±2.5 mm 
error. 
3. Errors in alignment. 
In the level condition, the graph papers were manually aligned with force plates. In the 
camber, slope and stair conditions, the elements were aligned with force plates first and 
then the graph papers were aligned with elements. Considering the real dimensions of the 
elements provided in Appendix IX, this error was assumed to be ±1 mm in level condition 
and ±2 mm in the other conditions. 
The errors in the calculated results came from following aspects: 
1. Errors in each load channel; 
According to the information provided by the manufacturer, the force channel hysteresis 
and non-linearity are in ±0.2% of full scale output and crosstalk is less than 0.5%. 
2. Calculation assumptions; 
3. Noises from the environment and data acquisition system. 
 
It is considered that the errors in reading yje graph paper were similar in different conditions. 
Then the results in level ground condition are believed to lie within an acceptable error range. A 
similar error range in other conditions indicates that the kinetic data are as reliable as the level 
condition. In general, the COPs in force plate 1 x direction and force plate 2 show satisfactory 
results. More issues occur in force plate 1 y direction when using stair and inclined slope 
elements. According to the calculation method introduced in Chapter 4, the y coordinates are 
calculated from Fy and Mx, a possible explanation could be that the errors in one or two of these 
channels in force plate 1 were magnified due to the enlarged arm in z direction. 
 
This first validation approach provides relatively limited information as the accuracy of COP 
coordinates cannot be compared over the load application time and it is difficult to apply lateral 
forces. Therefore, a second test using a rod device with retroreflective markers was carried out 
with assistance of the motion capture system. 
5.3.3 Validation of the Kinetic Data from the Force Plate Using an 
Optical Camera System 
In most gait laboratories, the force plates are used together with the motion capture system. 
Therefore, a rod device was introduced to allow the motion capture system to assist with the 
kinetic data validation. The prototype of the device was first introduced in 1997 by Baker (1997) 
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and improved by Rabuffetti et.al (Rabuffetti et al., 2001, Lewis et al., 2007). The device was then 
made commercially available, known as CalTester, which was based on the description by Holden 
et.al (2003) and has been used in the calibration of force plates and force treadmills (Collins et al., 
2009a). Figure 5-13 demonstrates how to apply forces to the force plate with the rigid mechanical 
rod device. The device used in this research was very similar to design shown in Figure 5-13, 
which includes retroreflective markers attached to a machined rod having a small base-pad at the 
point tip and holder at the handheld tip. 
 
 
Figure 5-13: Applying forces to the force plate with a rigid rod device (Holden et al., 2003). 
5.3.3.1 Experiment Design 
The locations of the force plates in the GCS were measured by motion capture system using the 
method described in section 4.4.1.3 as well as the location of top surfaces of the platform 
elements. According to the results of first validation test, different areas of the force plate might 
delivery different errors. Then for each force plate in each condition, the forces were applied to 
nine points approximately at the locations showed in Figure 5-14. Data were sampled as the 
device was manually loaded and slowly pivoted about the base-pad at the point end. Each 
recording lasted for 12 seconds at a sampling rate of 120 Hz.  
 
 
Figure 5-14: Approximate locations of the nine points on the force plate used for the validation test. 
 
Chapter 5.Experimental Setup and Validation 
 
87 
In the data processing, the locations of the COP in the GCS were calculated from the locations on 
the measuring surfaces and the kinetic data recorded from the force plates in each sampling. The 
coordinates of the point end of device were computed from the device geometry and the kinematic 
data of the retroreflective markers in every frame. Then in the same frame, the difference in COP 
location was determined from the separately computed results. 
5.3.3.2 Results 
The differences in spatial orientation and COP location the in two force plates are summarised in 
Table 5-4. Differences of more than 1% of force plate size (excluding the z axis direction) are 
marked in red colour and bold font. It needs to be noted that in the GCS, the x axis is 
approximately parallel with the local y axis of the force plate and the y axis is approximately 
parallel with the local x axis (as shown in Figure 4-13). In force plate 1, points 3, 4 and 5 cannot 
be measured due to the design of stair element as mentioned in the first validation experiment. 
 
Table 5-4: Average absolute differences of the x, y and z coordinates of the COP that calculated from force 
plate kinetic data and rod kinematic data (unit: mm). 
Walkway Axis 
Points 
1 2 3 4 5 6 7 8 9 
Force Plate 1 
Level 
x 3.98 2.44 5.00 2.85 3.26 3.23 2.86 5.53 3.24 
y 2.75 3.37 6.72 2.97 3.03 2.96 6.01 2.91 3.89 
z 0.03 0.02 0.03 0.02 0.03 0.03 0.02 0.04 0.03 
Camber 
x 2.20 2.24 4.83 3.30 5.67 3.36 5.40 6.38 5.25 
y 2.49 3.16 3.07 3.16 2.77 2.33 4.20 3.70 2.76 
z 0.10 0.13 0.13 0.12 0.12 0.10 0.16 0.14 0.11 
Slope 
x 2.89 3.99 4.14 4.23 3.99 3.15 8.24 8.49 7.94 
y 2.60 3.25 2.83 3.66 4.11 3.40 3.24 2.59 3.37 
z 0.23 0.32 0.33 0.34 0.32 0.25 0.66 0.68 0.64 
Stair 
x 3.12 6.65 - - - 2.76 7.97 9.65 9.11 
y 2.91 2.83 - - - 4.09 3.38 3.06 5.37 
z 0.02 0.03 - - - 0.03 0.03 0.03 0.05 
Force Plate 2 
Level 
x 3.81 4.05 4.58 3.65 4.39 5.81 8.61 6.43 6.63 
y 3.27 4.04 4.52 3.96 2.67 3.14 3.54 3.47 3.28 
z 0.02 0.03 0.03 0.03 0.02 0.03 0.05 0.03 0.02 
Camber 
x 2.94 4.24 5.01 4.38 3.92 4.06 6.35 7.17 7.16 
y 2.88 3.40 3.42 3.20 3.30 3.99 4.94 3.38 3.32 
z 0.12 0.15 0.14 0.13 0.13 0.15 0.18 0.13 0.13 
Slope 
x 4.67 3.48 4.82 3.84 3.94 5.24 7.28 8.01 8.53 
y 3.15 3.96 3.11 3.66 2.96 2.96 3.27 3.24 3.64 
z 0.38 0.28 0.41 0.32 0.32 0.43 0.62 0.68 0.70 
Stair 
x 3.40 4.19 6.09 5.45 4.37 3.11 5.93 6.87 6.71 
y 3.85 3.40 3.39 4.34 6.58 4.67 3.58 3.42 4.59 
z 0.03 0.04 0.05 0.05 0.04 0.03 0.05 0.06 0.06 
 
Most of the differences that are more than 1% of the force plate size are found at points 7, 8 and 9 
in x coordinates, which are located in the part of the force plate where the local x axis was 
positive. Stair elements are more likely bring higher differences in the COP coordinates. These 
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findings generally agree with the results that were observed in the first validation experiment. The 
difference in the z coordinates is much smaller on horizontal surfaces compared with inclined 
surfaces. On average, greater differences were found in this second validation test. 
5.3.3.3 Discussion 
In the calculation of the rod tip locations, the error came from the following aspects: 
1. Errors in the marker locations measured by motion capture system; 
The motion capture system was calibrated before the test and the error of each marker 
locations was less than 1mm in any direction. 
2. Errors from the mechanical device dimension; 
The dimension of the device was recorded by a tape measure then reading error is ±0.5 
mm. 
In the computing of COP coordinates from force plate kinetic data, except the error sources 
summarised in the first experiment, the errors in motion capture will also affect the results as the 
COP coordinates needs to be transferred from the LCS to the GCS based on the locations of force 
plates that were detected by manually placed reflective markers. 
 
As with the first test, the differences in the level ground condition are considered to lie within an 
acceptable error range. Then in average, the x coordinates for points 1 to 6 and all y coordinates 
on both force plates showed satisfactory results. Due to the limited change range, there is no 
difference greater than 1 mm in the z coordinates, which is relatively negligible compared with x 
and y coordinates. Although the two tests were carried out with very different approaches, the 
results in the trend of the errors related to the different areas of force plate are generally 
consistent. This indicated the reliability of both experiment designs.  
 
Both tests showed that there are more errors when the measuring points are closer to the edge of 
the force plate and Collins et.al reported similar findings with the calibration of force plates and 
force treadmill using same type of device (Collins et al., 2009a). Collins et.al also summarised the 
errors in terms of root-mean-square reported by other researchers in COP during static loading 
and dynamic loading. In most studies, the root-mean-square errors measured under static 
calibrations ranged from 3 mm to 9 mm and dynamic calibrations bring higher errors from 6 mm 
to 10 mm (Collins et al., 2009a). The differences noticed in the two validation experiments are 
inside the reported range and the errors in COP coordinates are suggested to be below 1cm in the 
CalTester calibration approach. Besides, the loads that were applied in the validation test were 
much smaller than the real GRFs and increased loads should significantly improve the accuracy of 
COP location (Collins et al., 2009a). A sensitivity analysis on the potential errors caused by the 
COP coordinates is presented in Section 5.5. 
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5.4 Modified Helen Hayes Marker Set Repeatability Test 
Repeatability tests are recommended in clinical gait analysis for data management as the 
difference noted in the joint kinematics and kinetics could be caused by the intra- or inter-assessor 
errors in marker placement. In this project, the markers are placed by one researcher and there is a 
requirement to replace the markers on the same subject during the main data collection. 
Therefore, an intra-assessor repeatability test was carried out to investigate the potential errors 
caused by the displacement of markers. 
5.4.1 Method 
The researcher was trained at the University of Surrey Gait Laboratory on the operation of the 
motion capture system and marker placement by a member of staff from the Gait Laboratory of 
Queen Mary’s Hospital. A training package that includes a fundamental data collection process, 
example data processing and biomechanics modelling from the original HH marker set had been 
undertaken by the researcher prior to these repeatability tests. 
 
One female subject (age: 26; weight: 50kg; height: 1.631m) was investigated in a 2-section test. 
Each section took 1 hour and there were 3 days interval between the two sections. 
 
The subject, researcher and an experienced staff member from the Gait Laboratory of Queen 
Mary’s Hospital took part in the first section. The subject was requested to change into shorts and 
be bare foot during the test. The anthropometric parameters were measured from the subject. The 
modified Helen Hayes marker set that was previously introduced in section 4.2.2 was applied to 
the subject. The short base marker locations were firstly determined and marked with tape and 
marker pen by the researcher and then corrected and confirmed by the hospital staff member. The 
disputed marker locations were discussed and agreed by both researcher and hospital staff 
member. Then short base markers were attached to the marked locations. The subject was asked 
to stand with the medial foot contacting two sides of a small carton when the wand markers were 
attached and aligned (as shown in Figure 5-15). In the main data collections, a customised 
template for the feet would be used instead of this small carton to ensure the subjects stand in a 
similar posture during every marker alignment. The subject was then asked to walk at self-
selected speed on the 8 m walkway and 5 successful trials with clean single foot contacts on the 
two force plates and completed kinetic and kinematic data during the entire GC were recorded. 
The subject and researcher participated in the second section following the same procedure as the 
first section and another 5 successful trials were recorded for analysis. 
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Figure 5-15: Subject with modified Helen Hayes marker set. 
 
During the data processing, the markers were labelled in QTM and then exported into Visual3D. 
In Visual3D, gaps in kinematic data were filled and all kinematic data were subjected to a low 
pass filter at 6 Hz (zero lag, 4th order, Butterworth filter). Two biomechanical models were 
created based on the anthropometric data recorded on the separate days. The kinematic and kinetic 
parameters for the pelvis, hips, knees and ankles were then computed using the associated model. 
The joint angles and joint moments were time-normalised to 101 points over a GC that began at 
initial contact on one of the force plates. The GRFs were time-normalised to 101 points over the 
stance phase. The CMC value of the kinematic and kinetic variables and average absolute 
differences between the two sections were calculated from the first 100 points. 
5.4.2 Results  
The spatial-temporal parameters in the two sections are given in Table 5-5. The subject walked 
slightly faster in the second section, which led to a slightly increased stride length and decreased 
cycle time. Similar and relatively small standard deviations were observed (less than 5% of mean 
values, except stride width) on both days. The differences between the two days are generally 
below 5% of the average values in spatial-temporal parameters. The stride width presented a 
much larger coefficient of variation value because of the small mean value. 
 
Table 5-5: Mean and standard deviations of spatial-temporal parameters in the two repeatability test 
sections. 
Section 
Speed 
(m/s) 
Stride 
Width 
(m) 
Stride 
Length 
(m) 
Cycle 
Time 
(s) 
Step Length 
(m) 
Step Time 
(s) 
Stance Time 
(s) 
Swing Time 
(s) 
L R L R L R L R 
1 
1.35 
(0.03) 
0.08 
(0.02) 
1.38 
(0.03) 
1.02 
(0.01) 
0.69 
(0.02) 
0.68 
(0.02) 
0.51 
(0.01) 
0.51 
(0.01) 
0.59 
(0.01) 
0.59 
(0.01) 
0.43 
(0.01) 
0.44 
(0.01) 
2 
1.43 
(0.04) 
0.09 
(0.02) 
1.40 
(0.05) 
0.98 
(0.01) 
0.72 
(0.02) 
0.68 
(0.04) 
0.49 
(0.01) 
0.50 
(0.01) 
0.57 
(0.01) 
0.55 
(0.01) 
0.41 
(0.01) 
0.44 
(0.01) 
CV%* 3.89 26.83 3.09 2.30 3.25 4.39 2.81 2.39 2.77 3.34 3.60 1.61 
CV: between sections coefficient of variation, defined as the ratio of the standard deviation to the mean value. 
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The mean absolute differences in the joint angles, moments and GRFs are presented in Figure 5-
16. Most of the mean absolute differences in angles are below 5° except the knee internal/external 
rotation angles (6.4° on the left side and 7.4° on the right side) and the adduction/abduction angle 
(6.2°) on the left leg. The average absolute differences in hip flexion/extension moments are 0.05 
Nm/kg and 0.06 Nm/kg respectively and right knee flexion/extension moments is 0.06 Nm/kg, 
while the values in other moments are all less than 0.05 Nm/kg. The vertical GRF showed more 
absolute differences compared with the forces in horizontal directions. 
 
  
(a) (b) 
  
(c) (d) 
 
(e) 
Figure 5-16: Average absolute difference between the two sections in (a) left side joint angles, (b) right 
side joint angles, (c) left side joint moments, (d) right side joint moments, and (e) left and right side GRFs. 
 
The between sections CMC values are given in Table 5-6. As a value that is greater than 0.8 is 
normally considered as an indication of high repeatability (Collins et al., 2009b), the values that 
were less than 0.8 are marked in bold font. The sagittal plane pelvis angles and the transverse 
plane knee angles showed worse CMC values compared with other angle variables. The 
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transverse plane hip and ankle angles and the frontal plane ankle angles are relatively lower than 
the other angle variables. In the GRFs, the repeatability of lateral/medial GRFs is significantly 
lower than the other two directions. The ankle ad/abductor demonstrated relatively lower CMC 
values among the moment parameters. In general, in the joint angles and moments, the variables 
in the sagittal plane (except pelvic tilt) showed higher repeatability than the other two planes and 
the right side showed higher repeatability than the left side. 
 
Table 5-6: Between sections CMC values in pelvic and lower joints angles and moments. The values that 
below 0.8 are marked in red colour and bold font. 
Joint Angles GRFs and Joint Moments 
Variables Left  Right  Variables Left  Right  
Pelvic Obliquity 0.97 0.98 Forward/Backward GRF 0.99 0.99 
Pelvic Tilt 0.30 0.37 Lateral/Medical GRF 0.80 0.85 
Pelvic Horizontal Rotation 0.97 0.97 Vertical GRF 0.97 0.98 
Hip Ad/Abduction 0.97 0.97 Hip Ad/Abductor 0.98 0.98 
Hip Flexion/Extension 0.99 1.00 Hip Flexion/Extensor 0.97 0.99 
Hip In/External Rotation 0.96 0.87 Hip In/External Rotator 0.93 0.96 
Knee Ad/Abduction 0.96 0.98 Knee Ad/Abductor 0.94 0.96 
Knee Flexion/Extension 0.99 0.99 Knee Flexion/Extensor 0.97 0.97 
Knee In/External Rotation 0.67 0.68 Knee In/External Rotator 0.97 0.99 
Ankle In/Eversion 0.79 0.88 Ankle In/Evertor 0.97 0.98 
Ankle Dorsi/Plantarflexion 0.94 0.94 Ankle Dorsi/Plantarflexor 0.99 0.99 
Ankle Ad/Abduction 0.90 0.93 Ankle Ad/Abductor 0.85 0.96 
5.4.3 Discussion 
Kadaba et al. reported repeatability of kinematic and kinetic data in normal gait from 40 adults 
with a 1 week interval (Kadaba et al., 1989, Kadaba et al., 1990), which covered most of the 
variables measured in this test. Most of the CMC values obtained in this test are similar or higher 
compared with the results from Kadaba. This could be a result of improved marker set and a 
shorter interval between sections. Compared with a more recent report that involved repeatability 
tests in joint angles with another variation of the HH marker set with different foot marker 
locations, most parameters present similar and higher repeatability except the right hip 
internal/external rotation, knee internal/external rotation, and ankle inversion/eversion (Collins et 
al., 2009b). As a value greater than 0.8 in CMC is normally considered as high repeatability, the 
pelvic tilt, knee internal/external rotation and ankle inversion/eversion need to be carefully 
analysed in main studies due to the low repeatability. 
 
Many previous studies reported very low CMC values in pelvic tilt angles (Kadaba et al., 1989, 
Collins et al., 2009b, Røislien et al., 2012, Bevins et al., 2009, McGinley et al., 2009) and the 
small ROM of pelvic tilt and undefinable pattern were considered as the main reasons (Kadaba et 
al., 1989, Røislien et al., 2012). This could also explain the relatively higher repeatability in 
sagittal plane variables compared transverse and frontal plane observed from this test and other 
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studies (Kadaba et al., 1989, Collins et al., 2009b, Røislien et al., 2012, Bevins et al., 2009). 
However, there is no obvious consistent difference reported between the left and right side 
repeatability. It needs to be noted that in the second test, the subject walked slightly faster and 
according to the spatial-temporal parameters in Table 5-4, more changes occurred on the left side 
with this increased walking speed. This individual character could be the reason for the higher 
repeatability at the right side compared with the left side. 
 
The threshold of the kinematic data suggested by Clinical Movement Analysis Society (CMAS) – 
UK and Ireland for intra-assessor repeatability test is 5 degrees (Ireland, 2012). In this 
repeatability test, the knee internal/external rotation angles and the left ankle adduction/abduction 
exceeded this recommendation. According to McGinley’s summary from 12 previous studies, 3 of 
6 studies reported more than 5° errors in knee internal/external rotation, 1 of 5 in ankle 
adduction/abduction, and 6 of 11 in hip internal/external rotation, while the mean errors in other 
kinematic variables are all below 5° (McGinley et al., 2009). The results observed in this test are 
similar to the existing studies with a comparatively better repeatability in hip internal/external 
rotation that might be contributed by a small number of subjects.  
 
During the main data collection, the marker locations of each subject will be photographed to 
assist with analysis. A sensitivity analysis on the errors in marker location is carried out in Section 
5.5 to explore the influence of the displacement of each marker in HH marker set. 
5.5 Sensitivity Analysis  
Sensitivity analysis has been used by many researchers to determine the effect of perturbed input 
data to inverse dynamics outcomes with customised biomechanics models (McCaw and DeVita, 
1995, Andrews and Mish, 1996, Kingma et al., 1996b, Holden and Stanhope, 1998, Pearsall and 
Costigan, 1999, Stagni et al., 2000, Ganley and Powers, 2004, Silva and Ambrósio, 2004, Rao et 
al., 2006, Goldberg et al., 2008, Kingma et al., 1996a). However, so far there has been no report 
on the sensitivity analysis that focused on the modified HH marker set and the biomechanics 
models that were used in this project. To investigate the influence of marker displacement, the 
difference in COP coordinates, and the errors in segment parameters a sensitivity analysis using 
the repeatability test data were carried out. 
5.5.1 Sensitivity Analysis of Marker Locations 
As introduced in Chapter 4, the estimation of the joint centres are determined by calculation from 
anatomical landmarks that are located by the reflective markers placed on body surface and based 
on the results of the repeatability test, there is unavoidable marker dislocation due to the manual 
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placement of the marker that rely on the researcher’s training and experience. Accordingly, a 
record of marker locations in the data collection and an understanding of the effect of marker 
displacement are deemed essential in this project. 
5.5.1.1 Method 
According to a previous study (Silva and Ambrósio, 2004) and repeatability test, a value of 1 cm 
was considered as the maximum error that could be introduced into marker placement. The 
kinematic and kinetic data of a representative normal walking trial recorded in the second 
repeatability test section (1.46 m/s) was used and only the markers on the right side were 
investigated as a similar result should be obtained from the left side.  
 
The marker displacement was realised in Visual 3D by creating virtual markers based on the 
original marker locations and a similar method has been applied in previous sensitivity analyses 
(Holden and Stanhope, 1998, Challis and Kerwin, 1996, Silva and Ambrósio, 2004). Considering 
the possible directions of marker dislocation, the lower joint angles and moments were re-
calculated with ±1 cm error introduced in the following marker positions: (1) SACRUM marker 
towards superior-interior direction; (2) SACRUM marker towards left-right direction; (3) ASIS 
marker towards superior-interior direction; (4) ASIS marker towards medial-lateral direction; (5) 
KNEE marker towards superior-interior direction; (6) KNEE marker towards anterior-posterior 
direction; (7) ANKLE marker towards superior-interior direction; (8) ANKLE marker towards 
anterior-posterior direction; (9) 1MET marker towards medial-lateral direction; (10) 1MET 
marker towards anterior-posterior direction; (11) 1MET marker towards superior-interior 
direction; (12) 5MET marker towards medial-lateral direction; (13) 5MET marker towards 
anterior-posterior direction; (14) 5MET marker towards superior-interior direction; (15) THIGH 
marker towards anterior-posterior direction; and (16) SHANK marker towards anterior-posterior 
direction. It needs to be noted that in bare foot conditions, no errors can be introduced in the 
superior-interior direction of the 1MET and 5MET markers, these two conditions were carried out 
under a shod condition. 
 
The re-calculated joint angles and moments were time-normalised to 100 points over a GC as 
performed in the repeatability tests. In joint angles, the ratio between the difference and the ROM 
over entire GC was calculated at each point. In joint moments, the ratio between the difference 
and magnitude was calculated for peak moments. 
5.5.1.2 Results and Discussion 
The average errors, maximum errors and absolute ratios between the maximum difference and 
ROM in joint angles are given in Table 5-7. In the representative trial, the ROM of pelvic and 
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lower joint angles are generally less than 50 degrees, therefore, a 10% of ROM is less than 5 
degrees, the commonly used thresholds of kinematic data for intra-assessor repeatability test. The 
variables with the maximum absolute ratios below 10% are excluded for simplification. The peak 
moments with absolute ratios between the difference and magnitude outside 10% are given in 
Table 5-8. 
 
Table 5-7: Average errors, maximum errors, and absolute ratios between the maximum difference and 
ROM in joint angles caused by 1 cm marker displacement. A similar but converse error was found when the 
marker was moved in the opposite direction. The angles with maximum absolute ratios below 10% were not 
presented. 
Marker 
Name 
Displace 
Direction 
Angle Variables 
Average Error 
(degrees) 
Maximum Error 
(degrees) 
Maximum Absolute 
Ratio (%) 
SACRUM 
superior pelvic tilt (+ve sacrum up) 2.91 2.93 60.02 
left hip int/external rotation  (+ve int) 1.77 1.93 10.44 
ASIS superior 
pelvic obliquity (+ve up) 2.50 2.56 19.49 
pelvic tilt (+ve sacrum up) -1.44 -1.51 30.97 
hip ad/abduction (+ve ad) 2.94 3.25 16.92 
hip int/external rotation  (+ve int) -1.26 -2.94 15.90 
THIGH anterior 
hip int/external rotation  (+ve int) 5.02 5.14 27.78 
knee ad/abduction (+ve ad) 1.47 3.74 23.84 
knee int/external rotation  (+ve int) -3.29 -3.66 21.58 
KNEE 
superior knee int/external rotation  (+ve int) 1.02 2.61 15.36 
anterior 
hip int/external rotation  (+ve int) 2.99 3.30 17.80 
knee ad/abduction (+ve ad) -0.88 -2.07 13.20 
ankle in/eversion (+ve in) 1.29 2.87 24.42 
ankle ad/abduction (+ve ad) -2.90 -3.49 10.99 
SHANK anterior 
knee int/external rotation  (+ve int) 4.80 4.84 28.48 
ankle in/eversion (+ve in) 1.49 3.06 26.01 
ankle ad/abduction (+ve ad) -4.45 -4.68 14.73 
ANKLE 
superior 
ankle in/eversion (+ve in) 1.01 2.07 17.64 
ankle dorsi/plantarflexion (+flex) -4.14 -4.44 14.75 
anterior 
knee int/external rotation  (+ve int) -1.84 -2.00 11.79 
ankle dorsi/plantarflexion (+flex) -3.77 -6.17 20.52 
1MET superior ankle in/eversion (+ve in) 7.90 8.90 75.71 
5MET superior ankle in/eversion (+ve in) -8.60 -9.06 77.09 
 
Table 5-8: Error and absolute ratios between the difference and magnitude in peak joint moments caused 
by a 1 cm marker displacement. A similar but converse error was found when the marker was moved in the 
opposite direction. The peak moments with absolute ratios below 10% are excluded. 
Marker 
Name 
Displace 
Direction 
Peak Moments Error (Nm/kg) Absolute Ratio (%) 
SACRUM 
superior 
maximum hip external rotator in early stance (+ve ext) 0.04 15.13 
maximum hip internal rotator in late stance (+ve ext) 0.02 13.11 
left maximum hip adductor moment in late swing (+ve ab) 0.02 11.11 
ASIS 
superior 
maximum hip internal rotator in late stance (+ve ext) 0.04 22.22 
maximum hip internal rotator in late swing (+ve ext) -0.04 27.44 
medial 
maximum hip abductor moment in early stance (+ve ab) -0.10 11.86 
maximum hip abductor moment in late stance (+ve ab) -0.09 13.09 
maximum hip external rotator in early stance (+ve ext) -0.03 13.24 
maximum hip internal rotator in late swing (+ve ext) 0.01 11.06 
maximum knee external rotator in early stance (+ve ext) -0.02 10.18 
THIGH anterior 
maximum knee abductor moment in early stance  (+ve ab) 0.05 14.89 
maximum knee flexor in late stance (+ve ext) -0.07 22.49 
maximum ankle abductor in late stance (+ve ab) 0.03 18.26 
KNEE anterior 
maximum knee extensor in early stance (+ve ext) 0.16 19.39 
maximum knee flexor in late stance (+ve ext) 0.11 35.12 
maximum knee external rotator in early stance (+ve ext) 0.03 16.50 
maximum knee internal rotator in late stance (+ve ext) 0.02 14.78 
maximum ankle abductor in late stance (+ve ab) 0.17 47.91 
SHANK anterior maximum ankle abductor in late stance (+ve ab) 0.09 56.39 
ANKLE 
superior maximum ankle abductor in late stance (+ve ab) -0.02 10.84 
anterior maximum ankle abductor in late stance (+ve ab) -0.04 21.32 
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According to the modelling method introduced in Appendix IV, with a single marker displaced, 
the error propagated and decreased progressively from the involved segment to distal segment (as 
showed in Figure 5-17), and this trend can be observed in Table 5-7 and Table 5-8. Most the 
variables that showed more than 10% error are in the frontal and transverse planes, and the main 
reason for this is the relatively smaller ROM compared with most sagittal plane angles. The 
absolute differences that were greater than 5 degrees were found in hip horizontal rotation when 
the THIGH marker was displaced in anterior-posterior direction, ankle dorsiflexion/plantarflexion 
when the ANKLE marker was displaced in anterior, and ankle inversion/eversion when either 
1MET or 5MET were dislocated in superior-interior direction. Besides, the displacement of the 
SHANK marker in anterior-posterior direction created a 4.80 degrees average error in the knee 
horizontal rotation. Both KNEE and THIGH markers were wand markers that need to be aligned 
with the other markers rather than placed on the anatomical landmarks and this increases the 
possibility of introducing comparatively larger errors. This could explain the low repeatability in 
hip and knee transverse plane angles that were reported from previous studies and noticed in the 
repeatability test in Section 5.4. According to Holden and Stanhope’s (Holden and Stanhope, 
1998) report, at normal speed walking there is about 17% and 33% errors in stance extensor peak 
and flexor peak respectively caused by ± 1cm marker displacement at the knee joint in the 
anterior-posterior direction. Similar values (19% and 35%) were found in the sensitivities analysis 
with HH marker set based model and the slightly higher values could be caused of the faster 
walking speed of the applied trial. In general, marker displacement will cause a shifted angle 
curve without change the overall trend of the curve. 
 
The marker dislocation on the pelvis affects almost all frontal and transverse plane hip peak 
moments by 10% to 30%. In data collection, the locations of SACRUM and ASIS markers were 
marked by microporous tape and marker pen to reduce the errors in case the markers need to be 
replaced. The lateral markers showed more influence on joint moments when moved in anterior-
posterior direction. The ankle abductor peak in the stance phase was seriously affected by 
displacement of KNEE, SHANK and ANKLE markers. Therefore, considering the relatively 
small magnitudes and functional importance, the ankle adductor/abductor moment was excluded 
from the analysis of different prosthetic ankles/feet. Considering the differences that might be 
caused by the replacement of markers, it is suggested that the data collection with one subject 
should be finished within one experiment day, retaining the markers on the subject’s body surface 
between sections. The alignment of the THIGH and SHANK markers needs to be frequently 
checked during the test. 
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Figure 5-17: Diagram of the propagation of hip joint centre displacement to hip and knee joint ankles and 
moments (Stagni et al., 2000). 
5.5.2 Sensitivity Analysis of the Centre of Pressure Coordinates 
On the basis of some simple dead weight tests, the accuracy of the forces measured by the AMTI 
force plates is considered within the range granted by the manufacturer. The sensitivity analysis 
was carried out for changes in COP coordinates only. 
5.5.2.1 Method 
Based on a previous study (Silva and Ambrósio, 2004) and the force plates validation tests, a 
value of 1 cm was considered as the maximum difference that could be found in the COP 
coordinates calculated from the AMTI force with or without the platform elements. The same trial 
as the marker placement sensitivity analysis was used and only the right side was analysed.  
 
The force plate location was moved in Visual 3D by changing the coordinates of the four corners 
of force plate. As there were relatively much small errors in the z coordinates of COP determined 
in force plate validation test, the sensitivity analysis was only carried out with the COP moved 
towards (1) forward-backward of the walking direction and (2) left-right of the walking direction. 
The ratio between the difference and magnitude in each peak value of the re-calculated joint 
moments during the stance phase was computed. 
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5.5.2.2 Results and Discussion 
The peak moments where the absolute ratios between the difference and magnitude exceed 10% 
are given in Table 5-9. 
 
Table 5-9: Errors and absolute ratios between the difference and magnitude caused by 1 cm shift in COP 
location in peak joint moments. A similar but converse error was found when the COP was shifted towards 
opposite direction. The peak moments with maximum absolute ratios that below 10% has been excluded. 
COP Shift Direction Peak Moments Error (Nm/kg) Absolute Ratio (%) 
Towards positive 
walking direction 
maximum knee extensor in early stance (+ve ext) -0.13 15.07 
maximum knee flexor in late stance (+ve ext) -0.10 28.30 
Towards left of walking 
direction 
maximum hip abductor moment in early stance (+ve ab) 0.12 14.70 
maximum hip abductor moment in late stance (+ve ab) 0.13 18.68 
maximum hip external rotator in early stance (+ve ext) 0.04 15.16 
maximum knee abductor moment in early stance  (+ve ab) 0.12 36.00 
maximum knee abductor moment in late stance  (+ve ab) 0.12 24.67 
maximum knee external rotator in early stance (+ve ext) 0.02 10.88 
maximum knee internal rotator in late stance (+ve ext) -0.03 21.79 
maximum ankle evt rotator in late stance (+ve evt) 0.04 19.86 
maximum ankle abductor in late stance (+ve ab) -0.10 59.21 
 
According to McCaw and DeVita’s (1995) and Silva and Ambrósio’s (2004) studies on the 
sensitivity of inverse dynamics results, a 1cm error in one direction of the location of COP could 
cause about a 13% change in extensor and flexor torques on average. However, a greater error 
(28%) was found in the maximum knee flexor moment during late stance, which was probably 
caused by the comparatively small magnitude at the peak moment of the subject. The errors added 
laterally to the walking direction showed extensive effects on all lower joint moment in frontal 
and transverse planes. However, considering the average errors in this direction were generally no 
more than 2.5 mm in the static validation test and 5 mm in the dynamic validation test with 
relatively small test loads, in the actual main data collection the differences introduced in this 
direction should be much smaller than the analysed error value. 
5.5.3 Sensitivity Analysis of Segment Parameters 
The different mass, COM and moment of inertial in the segment parameters of a prosthetic leg 
and a biological leg could be considered as a source of error between the biomechanics models of 
the amputee and the non-amputee. The effect of errors in BSPs and PSPs needs to be investigated 
to support the modelling of prosthetic segments with amputees. 
5.5.3.1 Method 
According to Kingma et al. (1996b), the errors in the segment mass that were calculated using an 
anthropometric model, presented as a proportion of estimated values, are 27.5±14.5% in the foot, 
2.1±9.1% in the shank, and 9.4±6.8% in the thigh respectively. In Ganley and Powers’ work 
(2004), which compared the BSPs from 20 adults that were measured by dual energy X-ray 
absorptiometry with BSPs calculated from Winter’s anthropometric model, the maximum error in 
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lower segment mass is 57%, in COM is 2cm, and in moment of inertia is 50%. Pearsall and 
Costigan (1999) reported more than 40% errors between the different BSP system in literature in 
the estimation of leg and thigh mass and moment of inertia. The device used for measuring the 
prosthetic segment moment of inertia in this project has been reported with no more than 10% 
error. By comprehensively considering the previous reports and the measuring method that would 
be used in this project, the sensitivity analysis on segment parameters were performed with errors 
applied to the following parameters: (1) 50% increased/decreased segment mass, (2) ±1 cm 
dislocation of COM, (3) 50% increased/decreased moment of inertia. 
 
The segment parameters were modified in visural3D, where the BSPs in each segment of the 
biomechanical model can be customised. Then the data was processed in the same way as in COP 
sensitivity analysis. 
5.5.3.2 Results and Discussion 
The peak moments with absolute ratios between the difference and magnitude caused by 50% 
increased segment mass are given in Table 5-10 with the variables that showed less than 10% 
error excluded. In the sensitivity analysis with the ±1cm change of COM location in each lower 
segment and with the moment of inertia increased or decreased by 50%, there were no peak 
moments that showed more than 5% error. 
 
Table 5-10: Error and absolute ratios between the difference and magnitude caused by 50% increase in 
lower segment mass. A similar but converse error was found when the segment mass was reduced by 50%. 
The peak moments with maximum absolute ratios below10% have been excluded. 
Segment Peak Moments Error (Nm/kg) Absolute Ratio (%) 
Thigh maximum hip internal rotator in late swing (+ve ext) -0.01 11.07 
Shank 
maximum hip adductor moment in late swing (+ve ab) 0.43 29.56 
maximum hip extensor moment in late swing (+ve ext)  0.19 26.88 
maximum hip internal rotator in late swing (+ve ext) -0.03 24.39 
maximum knee flexor moment in late swing (+ve ext) -0.08 21.81 
Foot 
maximum hip adductor moment in late swing (+ve ab) -0.03 17.60 
maximum hip extensor moment in late swing (+ve ext) 0.20 27.46 
maximum hip internal rotator in late swing (+ve ext) -0.02 14.15 
maximum knee flexor moment in late swing (+ve ext) -0.10 27.82 
 
According to Pearsall and Costigan’s paper, in which the thigh mass was changed by ±40% in the 
biomechanics model, there were negligible errors (<1.70%) in hip moments in three planes during 
stance (Pearsall and Costigan, 1999), but there were more errors (a maximum of 21.27%) for the 
mass change in the swing phase. In this research, with an increase of 50% in the thigh mass, the 
peak hip swing moment increased by 11.07%. Knowing the effect of the segment mass on the 
swing moments and that the subjects employed by Pearsall and Costigan are males (71.7±11.8 kg, 
1.77±0.05 m), the comparative smaller and lighter subject could be the main reason for the 
smaller error in this work. It can be noted that the segment mass affects the swing phase moment 
much more than stance phase and in contrast with the marker dislocation, the errors in segment 
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mass propagate and increase progressively from the involved segment to the proximal segment 
due to the increased moment arm. 
5.6 Summary 
The pre-experimental work was carried out prior to the main research to investigate the laboratory 
set up, to support the main study protocol design and subsequent data analysis, and can be 
classified into four aspects. 
 
The first aspect is the calibration of load cell, the device that will be used to directly measure the 
forces and moments that are applied to the abutment and implant system of the osseo-integrated 
subject in common gait. As a failure was detected in the built in voltage regulator, an external 
voltage regulator was used to maintain a stable and sustainable power supply and the adjustment 
scaling parameters were calculated according to the calibration results with known weights. The 
errors of the adjusted loads were within 0.5% of the load cell full scale in all six channels. 
 
The second part is the building of the different walkways in the laboratory to simulate the real 
daily walking conditions that can be experienced by TFAs in a disabled accessible building and 
outdoors. Removable camber, slope and stair platform with AMTI force plate fitted elements to 
allow the measurement of GRFs were designed and the accuracy of the recorded GRFs was 
validated by a static test and a dynamics test. It was found that the increased height of the top 
surface introduced greater errors in the COP coordinates. However, in general, the errors of the 
COP coordinates were within 1 cm in all cases. 
 
The next section assessed the repeatability of the HH marker set that was subsequently used in the 
main data collection with the control group and amputees. Greater errors and lower repeatability 
were noticed in the hip and knee horizontal rotation angles (mean difference >5°) and pelvic tilt 
angle (CMC<0.4). Relatively lower repeatability was found in ankle inversion/eversion 
(CMC=0.79 on the left side), ankle adduction/abduction (mean difference >5° on the left side). 
These might be caused by individual walking features of the subject caused by an increased 
velocity in the second test. The other variables generally showed good repeatability with less than 
5° mean inter-section difference in pelvis and joint angles. 
 
To investigate the effect of potential errors that might be introduced into the inverse dynamics 
with the HH marker set based biomechanical model. Sensitivity analysis was performed on 
marker displacement, COP coordinates shift, and incorrect segment parameters respectively by 
introducing variation in relevant input data in a representative trial of the subject who participated 
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in repeatability test. The error values considered were estimated based on previous studies and the 
differences observed from the force plate validation test and the repeatability test. These are 
considered as the maximum possible errors that could be involved in the main research. It is found 
that the variables in frontal and transvers plane were more influenced by the errors but this is 
probably due to the comparatively smaller ROM or magnitudes. As the marker dislocation affects 
a large range of variables, it is suggested finishing the data collection of one subject in a single 
day and avoiding the replacement of markers by leaving the markers on a subject’s body between 
different walking sections and reminding the subject not to move the markers during the rest 
period. The segment mass was found to affect the moments during swing phase much more than 
the stance phase, while the COM and moment of inertia showed negligible influence. Therefore, 
the accuracy of measuring the segment mass is essential when evaluating prosthetic gait and 
compare the prosthetic components. 
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Chapter 6 
6 Normative Non-amputee Database 
Construction and Analysis 
6.1 Introduction 
This chapter reports on the experiments that were carried out to explore non-amputee’s gait 
during the different daily walking conditions that would be used with the amputee participants. 
There were 14 non-amputee subjects who participated and all subjects completed the entire test, 
which includes level ground normal and fast speed walking, obstacle crossing with left and right 
leg leading respectively, camber walking in two directions,  uphill and downhill walking, and stair 
ascending and descending. Kinematic and kinetic parameters at the pelvic and lower joints are 
reported and the values at the points of interest are given. The SI and TSI were calculated from 
the left and right variables. All parameters were analysed with one-way repeated measures 
ANOVA to determine the changes when performing different activities. A summary of the 
observed adjustment strategies is provided in the discussion section and the advantage and 
disadvantage of applying SI and TSI to assess gait asymmetry is discussed. 
6.2 Objectives 
The purpose of establishing a normal database can be summarised as follows: 
1. Confirm the performance of the laboratory setup; 
Although the safety and stability of the walkway platforms and handrails have been 
examined by the researcher and laboratory technician, a period of observation in practical 
use is required before the data collection with TFAs begins. 
2. Record logistical issues in data collection and problems in data analysis; 
Analyse the problems in the data collection process and produce response options for the 
future data collection with TFAs. 
3. Form a non-amputee database based on the experimental conditions in this research; 
As the dimensions of walkway, marker sets and equipment undoubtedly affect the gait 
variables (Lay et al., 2006, Stacoff et al., 2005, Leroux et al., 2002, Kawamura et al., 
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1991), a normal database that has been constructed in the local laboratory environment is 
more appropriate as a reference in contrast to the data reported in the literature. 
4. Investigate the adjustment strategies in non-amputees. 
The investigation of the changes of posture in non-amputee group helps to understand the 
locomotion requirements in human lower limbs for maintaining ordinary gait, which can 
be helpful in analysing and explaining amputee’s strategies under similar conditions. 
6.3 Method 
According to the suggestions of CMAS (Ireland, 2012), the normative database should include at 
least 10 subjects. Fourteen non-amputee subjects, recruited from the University of Surrey, were 
invited to attend a one-day experiment on separate days which lasted for up to 2 hours at the 
University of Surrey Gait Laboratory. The inclusion criteria for non-amputee participants were: 
1. Over the age of 18; 
2. Able and willing to handle the experimental objects (such as body markers and 
microporous tape). 
And the exclusion criteria for non-amputees participants were: 
1. Participants with visual, auditory or vestibular impairment that affects balance, walking or 
the ability to follow and respond to verbal instructions; 
2. Participants with known motor impairments or injuries that influence movement; 
3. Participants need mobility aids; 
4. Participants with unequal leg length (difference between two legs >1 cm). 
6.3.1 Protocol 
On an experiment day, a subject was asked to change into shorts and be bare foot during data 
collection. Anthropometric data was measured and 15 retro-reflective markers were placed on 
pelvic and lower limbs following the Helen Hayes marker set that was introduced in section 4.2.2. 
The frequency of motion capture was 120Hz and the GRFs were recorded at 240Hz. A standing 
capture with a foot template was recorded and used to normalise the sagittal plane ankle angle 
during data processing. The dimension of the foot template is described in Figure 6-1. 
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Figure 6-1: Dimension (unit: mm) of the foot template used in this research.  
 
A subject was giving time to practise making ‘clean’ single foot contacts with the force plates 
before each activity was recorded. Gait was successively measured in the following walking 
conditions: (1) level ground self-selected normal speed walking (8 m pathway); (2) level ground 
self-selected fast speed walking (8 m pathway); (3) obstacle crossing that swung the left leg over 
the obstacle first (8 m pathway, 0.1 m in height, 0.1 m in tread); (4) obstacle crossing that swung 
the right leg over the obstacle first (8 m pathway, 0.1 m in height, 0.1 m in tread); (5) camber 
slope walking with the left leg higher (6 m pathway, 2.5°); (6) camber slope walking with the 
right leg higher (6 m pathway, 2.5°); (7) ascending slope (6 m pathway, 5°); (8) descending slope 
(6 m pathway, 5°); (9) ascending stair (5 steps, 0.18 m in rise, 0.3 m in tread); (10) ascending stair 
(5 steps, 0.18 m in rise, 0.3 m in tread). All walkways are 1m in width. In obstacle crossing, the 
obstacle was placed in the centre of the walkway and the subject was asked to walk at a self-
selected speed and step over the obstacle. In the descending slope, the subject was asked to 
maintain a constant speed as the TFAs have been reported to walk in a slower and cautious way 
due to the lack of control of the prosthetic side (Vrieling et al., 2008). In ascending stair, the 
subjects were requested to make full sole contact with the stair. A set of 5 trials were collected for 
each activity. These contain a whole GC with complete kinematic data and ‘clean’ single foot 
contact with each force plate. A detailed data collection protocol is attached in Appendix X. 
 
Approval from the University of Surrey Ethics Committee was granted. The ethic letters and 
Participant Information Sheet for non-amputee group are attached in Appendix XI and Appendix 
XII respectively. The Participant Information Sheet had been send to the participants prior to data 
collection and consents were obtained from participants before the tests started. 
6.3.2 Data Processing 
The marker set was labelled in QTM and then exported into Visual 3D along with the GRF data. 
In Visual3D, gaps in kinematic data were filled and all kinematic data were low pass filtered at 6 
Hz (zero lag, 4th order, Butterworth filter). An individual anthropometrics matched model was 
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created for each subject. Spatial–temporal parameters were derived from GRFs and landmarks of 
the feet. The kinematic and kinetic parameters for the pelvis, hips, knees and ankles were then 
computed using the individual anthropometric matched biomechanics models. The ankle angles 
were normalised according to the standing posture using the foot template to reduce the effects of 
possible off-set caused by marker displacement. Joint moments were calculated using an inverse 
dynamics approach and normalised by individual body mass. The GRFs were normalised by 
individual body weight. The GRFs were time-normalised to 101 points over a stance phase and 
the joint angles and moments were time-normalised to 101 points over a GC. Most GCs began at 
initial contact on one of the force plates except in obstacle crossing, where the leg that first swung 
over the obstacle (leading leg) were presented from toe off before contact on one of the force 
plates until toe off from the force plate . 
 
The time normalised data was then exported to Excel and organised for computing the SI of 
spatial–temporal parameters and peak values in GRFs, joint angles and moments based on the 
equations given in section 3.3.1. The peak values that were used in the SI calculation are given in 
Table 6-1. Only the peak values in the sagittal plane kinematic and kinetic variables are selected 
and the peak values with relatively smaller magnitudes are excluded as larger SI values might be 
generated, as previously discussed in section 3.3.1. For the same reason, the un-normalised ankle 
angles were used to calculate relevant SI instead of normalised ankle angles. TSI were calculated 
from the first 100 time-normalised points in the kinematic and kinetic variables in Matlab and the 
RAR was calculated from the joint angles in Excel, using the methods described in section 3.3.2. 
The points of interests were selected based on previous studies (Benedetti et al., 1998, Lay et al., 
2006) and a summary of the definition of selected points of interest are given in Table 6-1. In 
general, the points of interest include all peak values of the kinematic and kinetic variables and 
the joint angles at initial contact. 
 
Customised SPSS software programmes were supplied by the Statistics Advice Centre from the 
University of Surrey for performing repeated measures ANOVA (theory introduced in Appendix 
XIII) for this project. Statistical analysis was performed in IBM SPSS on spatial–temporal 
parameters, SI, TSI, RAR, and the points of interest in joint angles and moments. The differences 
among the activities (Factor C) were determined by repeated measures one-way ANOVA with 
different walking conditions as factors. The level of significance was set at p=0.05 and post-hoc 
turn-key tests were used to delineate differences between activities.  
 
Chapter 6.Normative Non-amputee Database Construction and Analysis 
 
106 
Table 6-1: Definitions of points of interest in kinematic and kinetic parameters. The points of interest that 
involved in SI calculation are highlighted. 
Point Definition Point Definition 
AAX1 Ankle inversion at 30% of gait cycle GRFX1 Maximum anterior GRF 
AAY1 Sagittal plane ankle angle at initial contact GRFX2 Maximum posterior GRF 
AAY2 Maximum ankle plantarflexion during early stance GRFZ1 First vertical GRF peak 
AAY3 Maximum ankle dorsiflexion during stance GRFZ2 Second vertical GRF peak 
AAY4 Maximum plantarflexion during swing AMX1 Maximum ankle evertor moment 
AAY5 Maximum dorsiflexion during swing AMY1 Maximum ankle plantarflexor moment 
AAZ1 Transverse plane angle at initial contact AMZ1 Maximum ankle abductor  moment 
AAZ2 Maximum ankle abduction during stance KMY1 Maximum knee extensor  moment during stance 
AAZ3 Maximum ankle adduction during stance KMY2 Maximum knee flexor during stance 
KAY1 Sagittal plane knee angle at initial contact KMY3 Maximum knee flexor during late swing 
KAY2 Maximum knee flexion during early stance HMX1 First hip adductor peak 
KAY3 Maximum knee extension during mid-stance HMX2 Second hip adductor peak 
KAY4 Maximum knee flexion during swing HMX3 Maximum hip abductor during late swing 
HAX1 Frontal plane hip angle at initial contact HMY1 Second hip extensor peak 
HAX2 Maximum hip adduction HMY2 Maximum hip flexor moment 
HAX3 Maximum hip abduction HMY3 Maximum hip extensor during swing 
HAY1 Sagittal plane hip angle at initial contact   
HAY2 Maximum hip extension   
HAY3 Maximum hip flexion during swing   
PAX1 Frontal plane pelvic angle at initial contact   
PAX2 Maximum pelvic obliquity up   
PAX3 Maximum pelvic obliquity down   
PAY1 Sagittal plane pelvic angle at initial contact   
PAZ1 Transverse plane pelvic angle at initial contact   
PAZ2 Maximum pelvic external  rotation   
6.4 Results 
No observable walking issues had been noticed in the non-amputee group during data collection. 
In ascending stair, the data from subject IDs 3 and 10 were excluded due to a missing marker. In 
descending stair, the data from subject ID 3 were excluded for the same reason. The obstacle 
crossing and stair ambulation were later excluded from the tests with amputee subjects. Therefore, 
the results of obstacle crossing and ambulation are given in Appendix XIV and will not be 
presented and discussed in this chapter. 
 
As level ground normal speed walking is the most fundamental daily activity and the different 
walking conditions are considered as the only factor that affects the gait of the non-amputee 
group, the statistical analysis results presented in the following sections are the post-hoc p values 
that compare other activities with level ground normal speed. 
6.4.1 Subject Information 
The information and anthropometric data of non-amputee subjects is summarised in Table 6-2. 
The average body mass index of the non-amputee group is 24 ± 5. 
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Table 6-2: Information and anthropometric data of 14 non-amputee subjects. 
Subject ID Gender Dominant Leg 
Age 
(years) 
Weight 
(kg) 
Height 
(m) 
Leg Length (m) 
Left Right 
1 Male Right 24 66 1.87 1.01 1.01 
2 Female Right 26 50 1.63 0.89 0.89 
3 Female Right 27 93 1.69 0.89 0.90 
4 Female Right 28 56 1.73 0.91 0.90 
5 Female Right 28 54 1.64 0.87 0.87 
6 Male Right 26 93 1.70 0.88 0.88 
7 Female Right 26 57 1.72 0.87 0.87 
8 Female Unknown* 23 66 1.66 0.88 0.88 
9 Female Unknown* 21 71 1.56 0.85 0.86 
10 Male Right 26 77 1.70 0.92 0.91 
11 Female Right 22 61 1.77 0.97 0.97 
12 Male Right 30 79 1.66 0.88 0.88 
13 Female Right 25 53 1.63 0.89 0.89 
14 Male Right 26 82 1.75 0.96 0.96 
Mean 26 68 1.69 0.90 0.90 
Standard Deviation 2 15 0.08 0.05 0.05 
* Lost contact with two subjects in the follow-on inquiries regarding dominant leg. 
6.4.2 Spatial–temporal Parameters 
The mean values (standard deviations) of speed, stride width, stride length, cycle time, step 
length, step time, stance time and swing time in the non-amputee group are given in Table 6-3. 
 
Table 6-3: Means (standard deviations) of spatial–temporal parameters in the non-amputee group (n=14, 70 
cycles, 70 cycles) with highlights representing ANOVA results (comparing other activities with level 
ground normal speed walking on the same side). 
Parameter 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
Speed (m/s) 
1.12 
(0.10) 
1.57 
(0.15) 
1.19 
(0.11) 
1.21 
(0.11) 
1.18 
(0.14) 
1.16 
(0.14) 
Stride Width (m) 
0.09 
(0.02) 
0.10 
(0.03) 
0.10 
(0.03) 
0.10 
(0.03) 
0.08 
(0.02) 
0.10 
(0.03) 
Stride Length (m) 
1.30 
(0.07) 
1.41 
(0.09) 
1.29 
(0.07) 
1.31 
(0.07) 
1.32 
(0.09) 
1.25 
(0.09) 
Cycle Time (s) 
1.09 
(0.07) 
0.90 
(0.06) 
1.10 
(0.07) 
1.09 
(0.06) 
1.13 
(0.08) 
1.09 
(0.08) 
Step Length (m) 
0.64 
(0.04) 
0.65 
(0.03) 
0.70 
(0.04) 
0.71 
(0.06) 
0.64 
(0.04) 
0.65 
(0.04) 
0.65 
(0.04) 
0.66 
(0.03) 
0.66 
(0.05) 
0.66 
(0.05) 
0.62 
(0.05) 
0.63 
(0.04) 
Step Time (s) 
0.54 
(0.04) 
0.54 
(0.04) 
0.45 
(0.03) 
0.45 
(0.03) 
0.55 
(0.03) 
0.55 
(0.04) 
0.55 
(0.03) 
0.54 
(0.03) 
0.56 
(0.04) 
0.57 
(0.05) 
0.54 
(0.04) 
0.54 
(0.04) 
Stance Time (s) 
0.63 
(0.06) 
0.64 
(0.05) 
0.52 
(0.04) 
0.52 
(0.04) 
0.65 
(0.05) 
0.65 
(0.05) 
0.64 
(0.05) 
0.64 
(0.05) 
0.68 
(0.06) 
0.68 
(0.06) 
0.64 
(0.06) 
0.64 
(0.06) 
Swing Time (s) 
0.44 
(0.03) 
0.44 
(0.02) 
0.38 
(0.02) 
0.38 
(0.02) 
0.45 
(0.02) 
0.45 
(0.02) 
0.45 
(0.02) 
0.45 
(0.02) 
0.45 
(0.02) 
0.45 
(0.03) 
0.44 
(0.03) 
0.44 
(0.03) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
Most differences in spatial-temporal parameters compared with level ground normal speed 
walking were found in fast speed walking. The self-selected comfortable walking speed in non-
amputee group ranged between 1.04 and 1.41 m/s. The velocity of fast walking was significantly 
increased, lying between 1.33 and 1.85 m/s. There was significantly longer stride length that 
significantly increased the step length on both sides. The higher walking rate results in reduced 
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cycle time, step time, stance time and swing time in a similar proportion. Significantly larger 
stride width was observed in camber walking from either direction and descending slope. In 
ascending slope, the stride width is significantly shorter compared with all other activities and a 
significantly longer cycle time, mainly caused by the significantly increased stance time. In 
descending slope, the stride length is significantly shorter than all the other activities. 
6.4.3 Ground Reaction Forces 
The three components of the GRFs on the right side, averaged from the non-amputee group, are 
presented in Figure 6-2 with the points of interest marked. Similar patterns of GRFs were 
observed from all non-amputee subjects on both sides and the curve of GRFs in different activities 
differed only in amplitude. The means and standard deviations of the points of interest are given 
in Table 6-4. 
 
 
 (a) (b) (c)  
 
Figure 6-2: Mean curves of GRFs in (a) anterior/posterior, (b) medial/lateral and (c) vertical directions in 
non-amputee group (n=14, 70 cycles) when doing different activities. Similar patterns were observed for the 
left side. 
 
Table 6-4: Means (standard deviations) of the points of interest in GRFs (normalised by body weight) in 
the non-amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing 
other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
GRFX1 
-0.16 
(0.03) 
-0.18 
(0.03) 
-0.20 
(0.03) 
-0.23 
(0.04) 
-0.16 
(0.04) 
-0.17 
(0.04) 
-0.18 
(0.05) 
-0.19 
(0.04) 
-0.14 
(0.03) 
-0.14 
(0.04) 
-0.18 
(0.04) 
-0.18 
(0.04) 
GRFX2 
0.21 
(0.03) 
0.21 
(0.04) 
0.26 
(0.03) 
0.26 
(0.03) 
0.22 
(0.03) 
0.21 
(0.03) 
0.21 
(0.03) 
0.21 
(0.03) 
0.19 
(0.02) 
0.19 
(0.03) 
0.22 
(0.03) 
0.22 
(0.03) 
GRFZ1 
1.04 
(0.05) 
1.07 
(0.07) 
1.18 
(0.08) 
1.21 
(0.09) 
1.06 
(0.05) 
1.07 
(0.09) 
1.08 
(0.07) 
1.09 
(0.07) 
1.04 
(0.07) 
1.03 
(0.07) 
1.14 
(0.10) 
1.17 
(0.11) 
GRFZ1 
1.13 
(0.06) 
1.15 
(0.06) 
1.18 
(0.06) 
1.18 
(0.08) 
1.14 
(0.04) 
1.14 
(0.05) 
1.13 
(0.04) 
1.14 
(0.04) 
1.21 
(0.09) 
1.20 
(0.09) 
1.04 
(0.07) 
1.06 
(0.07) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the fast speed walking condition, the magnitudes of maximum anterior-posterior forces and the 
first vertical force peak (GRFX1, GRFX2 and GRFZ1) significantly increased. For the second 
vertical force peak (GRFZ2), a significant increase was only found on the left side. There was a 
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shift towards lower vertical forces during mid-stance. There was no significant change in camber 
slope walking when the left side was higher. However, when walked from the opposite direction, 
the anterior force and first vertical force peak (GRFX1 and GRFZ1) on the left side were 
significantly increased. During ascending slope walking, the maximum anterior and posterior 
forces (GRFX1, GRFX2) were significantly decreased and the second vertical force peak 
(GRFZ1) was significantly greater. During descending slope walking, the vertical forces increased 
significantly in early stance (GRFZ1) and decreased significantly in late stance (GRFZ2). There 
was no observable change in the magnitudes or trend of patterns in the medial GRF during 
camber ambulation. 
6.4.4 Pelvic and Lower Joint Angles 
The knee adduction/abduction, knee internal/external rotation, and hip internal/external rotation 
angles will not be presented and analysed in the both non-amputee group and amputee group for 
the following reasons: 
1. High errors that might be caused by marker placement, which have been reported in 
section 5.5.1; 
2. Noticeable inter-subject difference; 
As shown in Figure 6.3 (a), (b), and (c), the curve pattern in these angles varies among 
different subjects. In contrast, Figure 6.2 (d) is an example (hip flexion/extension) of 
relatively consistent pattern. 
 
 
 (a) (b) (c) (d) 
Figure 6-3: Mean curves of right (a) knee adduction/abduction, (b) knee internal/external rotation, (c) hip 
internal/external rotation, and (d) hip flexion/extension of the 14 non-amputee subjects in level ground 
normal speed walking condition. 
 
3. Low functional demands in these joint angles in the activities that have been tested; 
4. As a consequence of the above issues, there is very limited data in the literature for 
comparison and discussion. 
 
In the non-amputee group, similar patterns of the other joint angles were observed from all 
subjects at both sides and the curve of angles in presented activities differed almost only in 
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amplitude. The kinematic data from the right side are used in the figures to demonstrate the 
change of joint angles in different walking conditions. 
6.4.4.1 Ankle Angles 
The mean ankle angles from the frontal, sagittal, and transverse planes, from the non-amputee 
group, are presented in Figure 6-4 with the points of interest marked. The means and standard 
deviations of the points of interest are given in Table 6-5.  
 
 
 (a) (b) (c)  
 
Figure 6-4: Mean curves of right ankle angles in (a) frontal, (b) sagittal, and (c) transverse planes in the 
non-amputee group (n=14, 70 cycles) when undergoing different activities. Similar patterns were observed 
for the left side. 
 
Table 6-5: Mean values and standard deviations of the points of interest in ankle angles (unit: degrees) in 
the non-amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing 
other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
AAX1 
12.55 
(2.67) 
12.79 
(2.99) 
13.34 
(2.52) 
13.87 
(2.89) 
10.55 
(2.82) 
15.62 
(2.75) 
15.31 
(2.72) 
10.56 
(2.70) 
13.00 
(2.73) 
12.81 
(3.12) 
13.71 
(2.58) 
12.93 
(2.75) 
AAY1 
-6.39 
(4.18) 
-7.23 
(4.79) 
-5.05 
(4.07) 
-6.14 
(4.28) 
-6.12 
(3.89) 
-7.60 
(4.54) 
-6.91 
(4.35) 
-6.92 
(4.35) 
-2.81 
(3.44) 
-3.44 
(4.01) 
-7.39 
(5.42) 
-7.90 
(5.76) 
AAY2 
-10.10 
(3.17) 
-10.34 
(3.61) 
-7.78 
(2.94) 
-8.88 
(3.21) 
-9.43 
(2.83) 
-10.49 
(3.52) 
-10.35 
(2.97) 
-9.97 
(3.26) 
-4.41 
(3.29) 
-5.08 
(3.97) 
-11.20 
(4.16) 
-11.52 
(4.14) 
AAY3 
8.97 
(2.44) 
8.24 
(2.60) 
7.71 
(2.63) 
6.66 
(2.51) 
10.54 
(1.85) 
7.47 
(2.74) 
7.98 
(1.54) 
9.30 
(3.02) 
11.49 
(2.79) 
10.74 
(2.98) 
13.10 
(2.15) 
11.61 
(2.65) 
AAY4 
-21.01 
(5.23) 
-24.18 
(5.10) 
-21.46 
(5.90) 
-23.43 
(4.31) 
-19.76 
(4.64) 
-25.75 
(4.25) 
-22.86 
(4.54) 
-22.96 
(4.02) 
-23.37 
(4.30) 
-26.42 
(5.10) 
-12.78 
(5.02) 
-16.42 
(4.17) 
AAY5 
-0.97 
(3.00) 
-1.41 
(3.24) 
-0.34 
(3.44) 
-0.61 
(3.09) 
0.84 
(3.99) 
-1.55 
(4.21) 
-1.76 
(2.99) 
-0.79 
(2.89) 
0.98 
(4.01) 
0.44 
(3.25) 
0.07 
(3.37) 
-1.23 
(4.12) 
AAZ1 
-3.51 
(4.64) 
-5.26 
(6.22) 
-3.09 
(5.04) 
-5.98 
(6.82) 
-3.42 
(5.29) 
-3.73 
(6.11) 
-1.37 
(5.40) 
-5.19 
(5.98) 
-6.31 
(4.57) 
-7.75 
(7.05) 
-2.85 
(4.56) 
-4.96 
(6.38) 
AAZ2 
-14.74 
(3.9) 
-17.01 
(5.34) 
-15.27 
(4.31) 
-18.64 
(5.39) 
-15.78 
(4.13) 
-15.57 
(5.17) 
-13.25 
(4.61) 
-18.62 
(6.21) 
-16.32 
(3.48) 
-18.32 
(4.97) 
-16.34 
(4.17) 
-18.54 
(5.25) 
AAZ3 
3.61 
(7.65) 
5.32 
(8.47) 
2.56 
(8.14) 
2.78 
(9.34) 
3.06 
(8.33) 
6.77 
(8.39) 
6.77 
(7.68) 
3.09 
(8.12) 
4.94 
(5.69) 
4.53 
(7.08) 
2.83 
(7.66) 
3.07 
(8.70) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the frontal plane, a significant shift towards increased ankle inversion (AAX1) during single 
support can be found in camber slope walking when the right leg is lower compared to level 
ground walking. There was also a significant shift towards decreased inversion (AAX1) when the 
right leg was higher. Similar but opposite changes are observed from the left side as a result of the 
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adaption to the laterally inclined surface. A significant larger mid-stance inversion (AAX1) was 
also found in fast speed walking and on the left side during descending slope. 
 
In the sagittal plane, significantly increased dorsiflexion at initial contact and early stance (AAY1 
and AAY2) were found in fast speed walking and in ascending slope, except in the right side 
initial contact angle during fast speed walking. With increased velocity, the maximum values of 
dorsiflexion (AAY3) in stance phase significantly decreased. In camber walking when the left 
side is higher, the maximum dorsiflexion during late stance phase and swing phase (AAY3, 
AAY4 and AAY5) increased on the left side and decreased on the right side. When the right side 
is higher, opposite changes are observed in these points. However, not all of the differences at 
relevant points of interest during camber slope walking are statistically significant. The points that 
reached a statistically significant level are the left side AAY3 and AAY5 when walking with left 
side higher. In the ascending slope, the shift toward ankle dorsiflexion throughout the single 
stance was followed by significantly decreased minimum dorsiflexion at toe off (AAY4) and a 
significantly larger maximum swing dorsiflexion (AAY5). In the descending slope, there was a 
continuous and significant increase in dorsiflexion during the late stance and early swing (AAY3 
and AAY4). 
 
In the transverse plane, approximately from 20% to 50% of the GC, there was a shift toward ankle 
adduction in camber walking compared to level ground walking when the right leg was lower and 
a shift to increased abduction when the right leg was higher. Converse changes were observed 
from the left side. In other words, during mid-stance and terminal stance when walking on a 
camber, the two feet always point towards to the higher side during single support. However, as 
there are no points of interest selected during this period in ankle adduction/abduction, it cannot 
be confirmed if the magnitudes of shifts reach a statistically significant level. Significant 
differences were found in initial contact angles (AAZ1) and maximum adduction angles (AAZ3). 
In camber ambulation with the right side higher, there were significantly reduced left side 
abduction at initial contact (AAZ1), increased left side maximum adduction (AAZ3) and 
decreased right side maximum adduction (AAZ3). In ascending slope ambulation, there were 
significantly greater abduction angles at initial contact (AAZ1) at both sides and in descending 
slope, there was significantly reduced maximum adduction angle (AAZ3) at the right side. 
6.4.4.2 Knee Angles 
The mean knee angles from the sagittal plane, from the non-amputee group, are presented in 
Figure 6-5 with the points of interest marked. The means and standard deviations of the points of 
interest are given in Table 6-6.  
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Figure 6-5: Mean curves of right knee angles in the sagittal plane in non-amputee group (n=14, 70 cycles) 
when doing different activities. Similar patterns were observed for the left side. 
 
Table 6-6: Mean values and standard deviations of the points of interest in knee angles (unit: degrees) in 
the non-amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing 
other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
KAY1 
-0.20 
(4.19) 
1.04 
(4.16) 
3.43 
(4.68) 
4.52 
(4.79) 
1.26 
(3.63) 
1.51 
(3.76) 
0.24 
(3.32) 
2.04 
(3.12) 
12.97 
(7.18) 
12.87 
(7.79) 
0.77 
(4.63) 
1.91 
(3.42) 
KAY2 
10.00 
(5.02) 
11.75 
(4.56) 
15.49 
(5.54) 
18.02 
(5.33) 
11.41 
(4.03) 
13.29 
(5.19) 
11.15 
(4.62) 
14.01 
(4.07) 
20.52 
(6.79) 
21.26 
(7.15) 
14.99 
(5.98) 
17.35 
(5.02) 
KAY3 
-2.32 
(5.41) 
-1.30 
(4.63) 
-2.99 
(4.68) 
-1.75 
(4.54) 
-1.45 
(5.20) 
-1.07 
(4.52) 
-2.81 
(5.21) 
-0.05 
(4.06) 
-2.18 
(4.15) 
-0.82 
(4.63) 
7.45 
(5.56) 
8.02 
(5.01) 
KAY4 
56.34 
(4.98) 
56.94 
(4.29) 
57.22 
(5.56) 
57.72 
(4.82) 
58.49 
(4.99) 
57.16 
(4.55) 
56.44 
(4.06) 
60.21 
(4.67) 
56.40 
(4.16) 
55.56 
(4.76) 
61.02 
(4.40) 
61.36 
(3.63) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
Compared with level ground normal speed walking, significantly increased knee flexion can be 
observed from the knee angle pattern during early stance (KAY1 and KAY2) in fast walking and 
ascending slope.  There is a significantly shift in knee flexion in descending slope throughout the 
single stance phase until reaching the maximum swing flexion (KAY2, KAY3 and KAY4). In 
camber walking, there was increased flexion at early stance (KAY2), but a statistically significant 
difference is only found in the right leg when the right side is higher. During the swing phase, the 
maximum knee flexion (KAY4) is significantly increased at the higher side. 
6.4.4.3 Hip Angles 
The mean hip angles from the frontal and sagittal planes, from the non-amputee group, are 
presented in Figure 6-6 with the points of interest marked. The means and standard deviations of 
the points of interest are given in Table 6-7.  
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Figure 6-6: Mean curves of the right hip angles in frontal (left) and sagittal (right) planes in the non-
amputee group (n=14, 70 cycles) when doing different activities. Similar patterns were observed for the left 
side. 
 
Table 6-7: Mean values and standard deviations of the points of interest in hip angles (unit: degrees) in the 
non-amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing 
other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
HAX1 
-0.10 
(3.63) 
0.98 
(2.37) 
0.13 
(2.99) 
0.55 
(2.61) 
0.27 
(3.57) 
0.67 
(2.40) 
-0.86 
(3.60) 
1.27 
(2.19) 
2.23 
(3.60) 
4.27 
(3.47) 
-1.02 
(3.04) 
-0.47 
(2.33) 
HAX2 
6.70 
(3.74) 
7.63 
(2.57) 
7.24 
(3.56) 
8.29 
(2.42) 
6.81 
(3.91) 
7.07 
(2.69) 
6.01 
(3.17) 
8.73 
(2.88) 
7.10 
(3.90) 
8.80 
(3.09) 
6.29 
(3.83) 
7.33 
(3.12) 
HAX3 
-7.51 
(3.04) 
-6.89 
(1.90) 
-8.54 
(2.64) 
-7.47 
(1.98) 
-7.31 
(2.88) 
-7.15 
(2.06) 
-8.55 
(3.17) 
-6.43 
(2.53) 
-7.28 
(2.72) 
-5.89 
(2.90) 
-7.87 
(3.86) 
-6.61 
(3.03) 
HAY1 
27.01 
(5.53) 
27.12 
(6.13) 
29.18 
(6.53) 
29.78 
(6.81) 
28.05 
(5.50) 
27.27 
(6.70) 
27.12 
(5.86) 
28.29 
(6.08) 
39.28 
(6.38) 
38.84 
(7.55) 
22.29 
(6.14) 
22.75 
(6.24) 
HAY2 
-15.54 
(5.44) 
-15.20 
(5.77) 
-17.43 
(5.46) 
-16.02 
(5.18) 
-15.86 
(5.71) 
-15.33 
(5.86) 
-16.64 
(6.00) 
-14.62 
(5.21) 
-13.92 
(5.08) 
-13.28 
(4.82) 
-13.67 
(6.38) 
-13.42 
(5.25) 
HAY3 
28.23 
(5.38) 
28.78 
(6.53) 
30.73 
(6.13) 
31.15 
(6.68) 
29.43 
(5.40) 
28.46 
(6.41) 
27.54 
(5.63) 
29.72 
(6.29) 
40.63 
(5.97) 
40.5 
(7.19) 
22.87 
(5.74) 
23.75 
(5.66) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the frontal plane, at initial contact, there were significantly increased hip adduction (HAX1) in 
ascending slope and significantly decreased adduction in descending slope. The magnitude of hip 
adduction (HAX2) increased in fast walking and ascending slope, but significant changes were 
only found on the right side. In camber walking, there was increased peak adduction (HAX2) at 
the higher side and decreased peak adduction at the lower side, but a statistically significant 
difference was only found at the right side when it is higher. The maximum hip abduction 
(HAX3) appears at the early swing phase, where a significant increase at left side can be found in 
fast walking and in camber walking with right side higher. 
 
In the sagittal plane, hip flexion significantly increased in early stance and late swing (HAY1 and 
HAY3) during fast and ascending walking, while a significantly reduced hip flexion was found in 
descending walking (HAY1 and HAY3). At the maximum extension (HAY2), there was 
increased extension in fast walking condition (only significant on the left side), while a 
significantly reduced extension was found in both ascending and descending walking. 
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6.4.4.4 Pelvic Angles 
The mean pelvic angles in the frontal, sagittal, and transverse planes, from the non-amputee 
group, are presented in Figure 6-7 with the points of interest marked. The means and standard 
deviations of the points of interest are given in Table 6-8.  
 
 
 (a) (b) (c)  
 
Figure 6-7: Mean curves of right pelvic angles in (a) frontal, (b) sagittal, and (c) transverse planes in the 
non-amputee group (n=14, 70 cycles) when doing different activities. Similar patterns were observed for the 
left side. 
 
Table 6-8: Mean values and standard deviations of the points of interest in pelvic angles (unit: degree) in 
the non-amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing 
other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
PAX1 
0.55 
(1.48) 
0.95 
(1.22) 
0.82 
(1.57) 
1.03 
(1.36) 
0.55 
(1.48) 
0.88 
(0.99) 
0.38 
(1.63) 
0.96 
(1.29) 
2.66 
(1.23) 
3.67 
(1.42) 
-0.63 
(1.31) 
-1.13 
(1.18) 
PAX2 
4.27 
(1.54) 
4.50 
(1.09) 
4.82 
(1.89) 
4.98 
(1.20) 
4.06 
(1.59) 
4.51 
(0.99) 
4.48 
(1.50) 
4.86 
(1.18) 
4.36 
(1.82) 
5.35 
(1.05) 
3.95 
(1.41) 
3.33 
(1.10) 
PAX3 
-4.57 
(1.13) 
-4.57 
(1.76) 
-5.16 
(1.09) 
-5.08 
(1.85) 
-4.87 
(0.89) 
-4.29 
(1.74) 
-4.87 
(1.10) 
-4.67 
(1.61) 
-5.47 
(1.04) 
-4.63 
(1.94) 
-3.77 
(1.21) 
-4.36 
(1.58) 
PAY1 
8.36 
(4.64) 
8.00 
(4.53) 
8.75 
(4.98) 
8.30 
(4.85) 
8.54 
(4.80) 
8.18 
(4.64) 
8.13 
(4.62) 
7.62 
(4.73) 
9.98 
(4.75) 
9.74 
(4.94) 
7.07 
(4.94) 
6.79 
(4.77) 
PAZ1 
6.33 
(3.59) 
5.44 
(3.40) 
5.68 
(3.16) 
6.11 
(2.67) 
5.29 
(3.82) 
5.29 
(2.87) 
6.64 
(4.62) 
5.06 
(2.43) 
4.15 
(3.57) 
3.28 
(2.61) 
5.30 
(3.65) 
6.17 
(2.21) 
PAZ2 
-5.62 
(2.60) 
-6.59 
(2.70) 
-6.12 
(2.83) 
-6.27 
(3.10) 
-4.59 
(2.01) 
-4.90 
(3.71) 
-4.68 
(2.12) 
-5.63 
(3.87) 
-4.32 
(2.33) 
-4.21 
(3.49) 
-5.55 
(2.32) 
-5.07 
(3.72) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the frontal plane, there was a shift in the pattern towards increased obliquity at early stance 
(PAX1 and PAX2) and late swing phase when ascending, while a shift towards decreased 
obliquity can be found when descending. However the left side maximum obliquity angles does 
not reach a statistically significant level in either condition. In late stance and early swing, the 
maximum obliquity angle (PAX3) was increased in ascending slope and reduced in descending 
slope (but only significant at the left side). In faster walking, there were greater magnitudes in the 
peak angles (PAX2 and PAX3), but not statistically significant at the right side for angle (PAX3).  
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In the sagittal plane, the tilt angles were generally unchanged over the whole GC in the non-
amputees. Significant differences were found in ascending slope (increased by 2° averaged over a 
GC) and descending slope (decreased by 1° averaged over a GC). 
 
In the transverse plane, there was reduced internal rotation at heel stride (PAZ1) with an 
ascending slope, while with a descending slope, a greater internal rotation was found at the right 
side and a lower internal rotation was found at the left side. In late stance, a decrease in maximum 
pelvic external rotation (PAZ2) was found in camber walking with the left side higher and in 
slope ambulation. However, the left side maximum pelvic external rotation (PAZ2) was not at a 
statistically significant level in camber and descending slope walking. 
6.4.5 Joint Moments 
Similar to most of the joint angles, there is no noticeable difference in the trend of patterns from 
the left and right sides in the joint moments in the non-amputee group. The kinetic data from the 
right side are used in the figures to demonstrate the change of joint moments in different walking 
conditions. As the knee adduction/abduction, knee internal/external rotation, and hip 
internal/external rotation angles are excluded as mentioned at the beginning of section 6.4.5, the 
knee adductor/abductor moment, knee internal/external rotator moment, and hip internal/external 
rotator moment will also not be presented and analysed. This is based on the consideration that 
without the information of the relevant joint angle, it is difficult to appropriately analyse joint 
moment. 
6.4.5.1 Ankle Moments 
The mean ankle moments from the frontal, sagittal, and transverse planes, from the non-amputee 
group, are presented in Figure 6-8 with the points of interest marked. The means and standard 
deviations of the points of interest are given in Table 6-9.  
 
 
 (a) (b) (c)  
 
Figure 6-8: Mean curves of right ankle moments in (a) frontal, (b) sagittal, and (c) transverse planes in the 
non-amputee group (n=14, 70 cycles) when doing different activities. Similar patterns were observed for the 
left side. 
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Table 6-9: Mean values and standard deviations of the points of interest in ankle moments (normalised by 
body mass, unit: Nm/kg) in the non-amputee group (n=14, 70 cycles) with highlights representing one-way 
ANOVA results (comparing other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
AMX1 
0.14 
(0.03) 
0.17 
(0.04) 
0.15 
(0.04) 
0.18 
(0.04) 
0.15 
(0.03) 
0.17 
(0.04) 
0.16 
(0.03) 
0.19 
(0.04) 
0.15 
(0.04) 
0.18 
(0.04) 
0.14 
(0.03) 
0.17 
(0.03) 
AMY1 
1.56 
(0.12) 
1.55 
(0.12) 
1.68 
(0.15) 
1.65 
(0.17) 
1.53 
(0.09) 
1.50 
(0.10) 
1.55 
(0.10) 
1.54 
(0.11) 
1.67 
(0.18) 
1.63 
(0.18) 
1.43 
(0.15) 
1.43 
(0.16) 
AMZ1 
0.28 
(0.13) 
0.32 
(0.12) 
0.25 
(0.13) 
0.32 
(0.13) 
0.29 
(0.13) 
0.26 
(0.11) 
0.22 
(0.13) 
0.34 
(0.11) 
0.30 
(0.10) 
0.36 
(0.13) 
0.31 
(0.10) 
0.32 
(0.11) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the frontal plane, the only significant difference in maximum evertor (AMX1) is found in 
camber walking with right side higher, where the magnitudes at both sides were significantly 
greater than level normal speed walking, 
 
In the sagittal plane, from about 10% to 30% of GC, there was a shift towards increased 
plantarflexor when descending and a relatively smaller shift to less plantarflexor in ascending. 
However, no point of interest was picked during this period to confirm if the magnitudes of the 
observed shifts reach a statistically significant level. The sagittal plane peak moment (AMY1) 
increased significantly in fast and ascending walking and decreased significantly in descending 
walking. 
 
In the transverse plane, compared to level ground walking, the peak abductor moment (AMZ1) 
was significantly decreased at the lower side and increased (not significantly) by a smaller amount 
at the higher side.  
6.4.5.2 Knee Moments 
The mean knee moments from the sagittal plane, from the non-amputee group, are presented in 
Figure 6-9 with the points of interest marked. The means and standard deviations of the points of 
interest are given in Table 6-10.  
 
 
 
Figure 6-9: Mean curves of right knee moments in frontal (a), sagittal (b), and transverse (c) planes in the 
non-amputee group (n=14, 70 cycles) when doing different activities. Similar patterns were observed for the 
left side. 
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Table 6-10: Mean values and standard deviations of the points of interest in knee moments (normalised by 
body mass, unit: Nm/kg) in the non-amputee group (n=14, 70 cycles) with highlights representing one-way 
ANOVA results (comparing other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
KMY1 
0.18 
(0.15) 
0.26 
(0.18) 
0.43 
(0.21) 
0.54 
(0.25) 
0.20 
(0.15) 
0.27 
(0.21) 
0.20 
(0.18) 
0.30 
(0.19) 
0.29 
(0.27) 
0.32 
(0.27) 
0.38 
(0.21) 
0.49 
(0.21) 
KMY2 
-0.54 
(0.14) 
-0.49 
(0.13) 
-0.56 
(0.12) 
-0.53 
(0.12) 
-0.49 
(0.16) 
-0.46 
(0.11) 
-0.54 
(0.15) 
-0.44 
(0.11) 
-0.63 
(0.16) 
-0.58 
(0.19) 
-0.15 
(0.17) 
-0.14 
(0.18) 
KMY3 
-0.29 
(0.06) 
-0.30 
(0.04) 
-0.40 
(0.08) 
-0.41 
(0.08) 
-0.28 
(0.06) 
-0.28 
(0.04) 
-0.29 
(0.06) 
-0.28 
(0.06) 
-0.27 
(0.06) 
-0.29 
(0.06) 
-0.25 
(0.06) 
-0.26 
(0.06) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
There were significant increases in the maximum extensor moment in early mid-stance (KMY1) 
when walking at a faster speed or descending slope, and a relatively smaller increase when 
ascending slope (only significantly at left side). From mid-stance to late stance (about 30% to 
55% of GC), in descending slope there was a significant decrease in flexor moment (KMY2), 
while the magnitude of the peak flexor moment in stance (KMY2) was significantly greater when 
ascending. In late swing, there is another flexor peak (KMY3) before the next initial contact, 
which was significantly increased in fast walking, relatively slightly reduced in ascending slope 
(only significant at left side), and significantly reduced in descending slope. 
6.4.5.3 Hip Moments 
The mean hip moments from the frontal and sagittal planes, from the non-amputee group, are 
presented in Figure 6-10 with the points of interest marked. The means and standard deviations of 
the points of interest are given in Table 6-11. 
 
 
 
Figure 6-10: Mean curves of right hip moments in frontal (left) and sagittal (right) planes in the non-
amputee group (n=14, 70 cycles) when doing different activities. Similar patterns were observed for the left 
side. 
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Table 6-11: Mean values and standard deviations of the points of interest in hip moments (normalised by 
body mass, unit: Nm/kg) in the non-amputee group (n=14, 70 cycles) with highlights representing ANOVA 
results (comparing other activities with level ground normal speed walking on the same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Left Right Left Right Left Right Left Right Left Right Left Right 
HMX1 
0.67 
(0.11) 
0.75 
(0.12) 
0.74 
(0.13) 
0.79 
(0.13) 
0.70 
(0.13) 
0.74 
(0.14) 
0.67 
(0.12) 
0.79 
(0.11) 
0.67 
(0.12) 
0.69 
(0.13) 
0.71 
(0.13) 
0.88 
(0.12) 
HMX2 
0.68 
(0.12) 
0.76 
(0.08) 
0.64 
(0.14) 
0.71 
(0.10) 
0.72 
(0.12) 
0.71 
(0.08) 
0.66 
(0.10) 
0.79 
(0.06) 
0.69 
(0.12) 
0.73 
(0.13) 
0.70 
(0.16) 
0.84 
(0.12) 
HMX3 
-0.09 
(0.06) 
-0.09 
(0.04) 
-0.17 
(0.06) 
-0.18 
(0.07) 
-0.08 
(0.05) 
-0.08 
(0.04) 
-0.09 
(0.06) 
-0.10 
(0.03) 
-0.06 
(0.04) 
-0.06 
(0.03) 
-0.07 
(0.06) 
-0.09 
(0.06) 
HMY1 
0.40 
(0.18) 
0.46 
(0.17) 
0.56 
(0.24) 
0.61 
(0.25) 
0.44 
(0.12) 
0.42 
(0.12) 
0.40 
(0.16) 
0.43 
(0.13) 
0.71 
(0.15) 
0.72 
(0.17) 
0.40 
(0.17) 
0.38 
(0.20) 
HMY2 
-0.68 
(0.14) 
-0.70 
(0.17) 
-0.91 
(0.19) 
-0.89 
(0.21) 
-0.68 
(0.14) 
-0.71 
(0.23) 
-0.72 
(0.17) 
-0.72 
(0.14) 
-0.67 
(0.17) 
-0.68 
(0.18) 
-0.71 
(0.11) 
-0.72 
(0.12) 
HMY3 
0.55 
(0.17) 
0.58 
(0.11) 
0.81 
(0.24) 
0.83 
(0.20) 
0.52 
(0.15) 
0.54 
(0.11) 
0.57 
(0.19) 
0.53 
(0.16) 
0.49 
(0.15) 
0.53 
(0.15) 
0.49 
(0.19) 
0.50 
(0.15) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the frontal plane, there are two abductor moment peaks (HMX1 and HMX2) at about 10% and 
50% of the GC of the non-amputees. Significantly greater magnitudes in the first abductor 
moment peak (HMX1) were found in fast and descending walking. In camber walking a 
significant increase was found at the higher side when walking with right side higher. In 
ascending, the right side first abductor peak (HMX1) reduced significantly. The second abductor 
(HMX2) decreased in fast walking and camber walking at the lower side (significant only in the 
left side higher condition), and increased when descending (significant only at right side). In late 
swing before the next initial contact, there was an adductor moment peak (HMX3), which was 
significantly greater in fast walking and significantly smaller in ascending. 
 
In the sagittal plane, most differences occurred when walking faster as significantly higher 
magnitudes in all three peak moments (HMY1, HMY2 and HMY3) were observed. Other changes 
were found in slope ambulation. Significantly greater second extensor moment peak (HMY1) 
occurred during ascending and there were significant decreases at the right side of the two 
extensor moment peaks (HMY1 and HMY3) when descending. 
6.4.6 Symmetry Indices and Trend Symmetry Indices 
The SIs were calculated from the left and right spatial–temporal parameters and from selected 
peak values in joint angles and moments as described in section 6.3.2. Although TSI was 
originally introduced for the analysis of sagittal plane joint angles (Crenshaw and Richards, 
2006), it was computed from the other planes of joint angles, joint moments and GRFs as well in 
this research. One of the additional measures that associated with TSI, the RAR, was calculated to 
compare the ROM at the pelvic and other lower limb joints.  
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6.4.6.1 Symmetry Indices 
The means and standard deviations of the SIs (%) in spatial–temporal parameters in the non-
amputee group are given in Table 6-12. As described in section 3.3.1, a value of 0 indicates 
perfect symmetry between the left and right variables. A positive value indicates the right side 
was greater than the left side while a negative value indicates the converse. An absolute value 
below 10% is normally considered as an indication of symmetry in spatial-temporal parameters, 
GRF peaks, and peak joint angles in sagittal plane, the SI values that exceed the ±10% band are 
marked in red colour and bold font. 
 
Table 6-12: Mean values and standard deviations of the SIs (%) in spatial–temporal parameters in the non-
amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing other 
activities with level ground normal speed walking). The SI values that exceed the ±10% band are marked in 
red colour and bold font. 
Parameter 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Step Length 
0.38 
(4.41) 
2.29 
(7.00) 
0.89 
(4.04) 
2.25 
(4.44) 
-0.33 
(6.50) 
1.20 
(4.64) 
Step Time 
1.49 
(3.26) 
-0.56 
(3.67) 
0.67 
(2.64) 
-0.91 
(3.10) 
0.41 
(2.94) 
-0.49 
(3.66) 
Stance Time 
1.23 
(5.35) 
0.56 
(1.76) 
0.18 
(2.29) 
0.61 
(1.89) 
0.24 
(1.98) 
1.07 
(2.31) 
Swing Time 
-0.12 
(3.33) 
-0.65 
(2.70) 
0.06 
(2.58) 
-0.42 
(3.41) 
-0.07 
(3.28) 
-0.91 
(3.83) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
The only spatial–temporal parameter that shows statistically significant differences in the SI 
among the activities is step time. During fast speed walking, camber walking with right side 
higher, and descending slope, the SIs indicates that left step time was longer than the right side 
while in level ground normal speed walking there was longer right step time. There was no 
consistent result among right leg dominated subjects to suggest any asymmetry of normal gait is 
related to the dominant leg in the six walking conditions. 
 
The means and standard deviations of the SIs in GRFs in the non-amputee group are given in 
Table 6-13 and the SI values are marked in the same way as Table 6-12. 
 
In the level ground normal and fast speed walking conditions, the SI of the maximum anterior 
forces (GRFX1) exceed the 10% band, which indicates that on average there were greater anterior 
forces on the right side. Significant differences in GRFs SI were found in the two vertical GRFs 
peaks (GRFZ1 and GRFZ2) when ascending, where the absolute values were smaller and 
switched from positive to negative. Consistent results among right leg dominated subjects related 
to the dominate leg was found in the maximum anterior forces in the level ground normal speed 
walking condition, where all right leg dominated subjects showed greater magnitudes at the right 
side. 
Chapter 6.Normative Non-amputee Database Construction and Analysis 
 
120 
Table 6-13: Mean values and standard deviations of the SIs (%) in GRFs in the non-amputee group (n=14, 
70 cycles) with highlights representing one-way ANOVA results (comparing other activities with level 
ground normal speed walking). The SI values that exceed the ±10% band are marked in red colour and bold 
font. 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
GRFX1 
11.13 
(9.87) 
10.23 
(11.98) 
6.21 
(12.38) 
4.73 
(12.63) 
2.56 
(16.26) 
4.90 
(13.83) 
GRFX2 
1.54 
(8.12) 
-1.84 
(11.32) 
-2.70 
(7.55) 
0.51 
(7.87) 
-0.15 
(8.31) 
0.90 
(6.42) 
GRFZ1 
2.47 
(3.93) 
2.26 
(3.27) 
1.15 
(4.69) 
0.76 
(3.94) 
-0.39 
(4.07) 
2.40 
(4.91) 
GRFZ2 
1.60 
(3.87) 
-0.35 
(4.55) 
0.19 
(3.48) 
1.06 
(2.88) 
-0.61 
(2.97) 
1.52 
(3.22) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
The means and standard deviations of the SIs in sagittal plane joint angles in the non-amputee 
group are given in Table 6-14 and the SI values are marked in the same way as Table 6-12. 
 
Table 6-14: Mean values and standard deviations of the SIs (%) in sagittal plane joint angles in the non-
amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing other 
activities with level ground normal speed). The SI values that exceed the ±10% band are marked in red 
colour and bold font. 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
AAY2 
3.03 
(4.38) 
2.14 
(4.58) 
1.57 
(4.49) 
2.97 
(4.00) 
2.45 
(5.24) 
3.30 
(4.61) 
AAY3 
1.60 
(4.04) 
1.59 
(3.66) 
-1.29 
(3.88) 
4.08 
(3.12) 
2.08 
(2.97) 
0.81 
(3.28) 
AAY4 
-1.93 
(7.25) 
-1.76 
(9.61) 
-7.30 
(8.29) 
4.51 
(9.96) 
-1.91 
(8.79) 
-2.06 
(8.22) 
AAY5 
1.69 
(2.97) 
2.04 
(3.62) 
-2.36 
(4.15) 
3.96 
(3.29) 
1.15 
(2.90) 
0.59 
(3.17) 
KAY4 
1.16 
(7.22) 
1.12 
(7.83) 
-2.25 
(5.50) 
6.41 
(6.58) 
-1.57 
(6.69) 
0.65 
(6.25) 
HAY1 
-0.03 
(7.91) 
1.99 
(10.02) 
-3.75 
(8.95) 
4.18 
(10.08) 
-1.62 
(6.06) 
1.78 
(11.19) 
HAY2 
-4.06 
(10.67) 
-8.93 
(13.27) 
-4.55 
(13.50) 
-12.18 
(11.77) 
-4.68 
(14.14) 
-1.65 
(11.42) 
HAY3 
1.19 
(10.11) 
1.09 
(8.10) 
-4.07 
(10.81) 
7.29 
(12.34) 
-0.71 
(7.15) 
3.98 
(12.86) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In camber walking with right side higher, the maximum hip extension SI (HAY2) exceeded the 
±10% band. The main significant changes in the angle SIs took place in camber ambulation. 
Compared with the level ground normal speed condition, when the left side is higher, the mean 
values indicate that the left side presents more peak flexion (AAY3, AAY5, KAY4, and HAY3) 
in all lower joint sagittal plane angles compared with right side. In contrast, when the right side is 
higher, greater peak flexions (AAY3, AAY4, AAY5, KAY4 HAY1, and HAY3) were found at 
the right side. In ascending, a negative mean value is found in the knee maximum flexion (KAY4) 
while in the level ground normal speed condition, a positive mean value is observed. No 
consistent result among right leg dominated subjects suggested that the tendency in the 
asymmetry of normal gait was related to the dominant leg. 
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The means and standard deviations of the SIs in sagittal plane joint moments in the non-amputee 
group are given in Table 6-15. Studies on the symmetry of joint kinetics in the literature are very 
limited. The SI was not originally introduced for the assessment of symmetry in joint moments 
and there is no suggested threshold from previous studies. Therefore, there is no indication in the 
table relating to an asymmetry threshold. 
 
Table 6-15: Mean values and standard deviations of the SIs (%) in sagittal plane joint moments in the non-
amputee group (n=14, 70 cycles) with highlights representing one-way ANOVA results (comparing other 
activities with level ground normal speed walking at same side). 
Point 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
AMY1 
-0.74 
(6.13) 
-2.03 
(4.76) 
-1.95 
(5.81) 
-0.88 
(4.93) 
-2.13 
(4.33) 
-0.21 
(5.23) 
KMY1 
64.42 
(83.82) 
24.36 
(37.50) 
51.79+ 
(68.24) 
41.63 
(95.37) 
9.90 
(55.54) 
33.72 
(50.94) 
KMY2 
-10.44 
(20.48) 
-5.70 
(15.46) 
-4.39 
(32.43) 
-18.91 
(28.29) 
-11.54 
(26.44) 
19.27++ 
(144.74) 
KMY3 
5.53 
(10.56) 
2.41 
(8.26) 
3.71 
(11.96) 
-0.47 
(12.46) 
6.15 
(9.83) 
4.39 
(8.84) 
HMY2 
2.34 
(8.41) 
-2.04 
(10.61) 
2.00 
(9.81) 
1.53 
(10.00) 
2.48 
(13.35) 
0.27 
(6.31) 
HMY3 
8.63 
(21.40) 
3.45 
(10.88) 
4.98 
(22.32) 
-6.27 
(21.31) 
8.66 
(12.86) 
4.27 
(16.45) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
+: one subject’s data excluded in this parameter; ++: two subjects’ data excluded in this parameter. 
 
The following subjects’ SIs in relevant activities have to be excluded in the results as these 
individuals showed relatively much smaller magnitudes at the selected points of interest, which 
results in extreme values compared with other subjects: 
1. Subject ID 12, the KMY1 SI (SI=-3735.63) in camber walking when the left side is 
higher; 
2. Subject ID 3 and 11, the KMY2 SI (ID 3, SI=-3121.74; ID 11, SI= -6471.43) in 
descending slope. 
 
In the knee moment SIs, a significantly increased maximum stance flexor SI (KMY2) was found 
during descending and the maximum swing flexor SI (KMY3) was improved in camber walking 
with right side higher. In the hip moment SIs, there was a significantly reduced SI value of the 
maximum swing extensor peak (HMY3). The mean SI in ankle and hip moments and knee swing 
moments were within ±10%. However, there were many individuals who exceeded the range 
±10%. The absolute values in the stance knee moment SI were much greater than the other 
sagittal plane moments. No consistent result among right leg dominated subjects suggested that 
the asymmetry of normal gait was related to the dominant leg. 
 
In general, among all subjects in the non-amputee group, most of the absolute values of the mean 
SIs in spatial–temporal parameters, GRFs and sagittal plane joint angles are below 10% except the 
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anterior force peak SI (GRFX1) in the two level ground walking conditions and maximum hip 
extension SI (HAY2) in camber walking with right side higher. The mean SI values of the non-
amputee group at the peaks in the sagittal plane ankle moments, hip moments and knee swing 
moments are in a similar range as spatial–temporal parameters, GRFs and sagittal plane joint 
angles. But the SI values in stance knee moments are much greater. Although most of the subjects 
in the non-amputee group claimed to be right leg dominated, consistent asymmetry tendency 
among right leg dominated subjects are only find in forward GRFs peak (GRFX1) in level normal 
speed walking. 
6.4.6.2 Trend Symmetry Indices and Range Amplitude Ratios 
The means and standard deviations of the TSIs in joint angles in the non-amputee group are given 
in Table 6-16. A value of 1 indicates perfect symmetry in the trend between left and right 
kinematic or kinetic patterns and a lower value indicates less symmetry. As a value of 0.95 is used 
by some researchers for sagittal plane ankle, knee and hip angles (Fellin et al., 2010, Langley et 
al., 2015), the mean values that lie below the 0.95 confidence interval are marked in red colour 
and bold font. 
 
Table 6-16: Mean values and standard deviations of the TSIs in joint angles in the non-amputee group 
(n=14, 70 cycles) with highlights representing ANOVA results (comparing other activities with level 
ground normal speed). The TSI values that fall below the 0.95 confidence interval are marked in red colour 
and bold font. 
Parameter 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Ankle angle – 
frontal plane 
0.92 
(0.06) 
0.89 
(0.07) 
0.88 
(0.13) 
0.83 
(0.12) 
0.94 
(0.06) 
0.88 
(0.13) 
Ankle angle – 
sagittal plane 
0.99 
(0.01) 
0.98 
(0.01) 
0.97 
(0.02) 
0.98 
(0.02) 
0.99 
(0.01) 
0.98 
(0.01) 
Ankle angle –
transverse plane 
0.96 
(0.04) 
0.95 
(0.02) 
0.94 
(0.03) 
0.96 
(0.02) 
0.97 
(0.01) 
0.96 
(0.02) 
Knee angle – 
frontal plane 
0.92 
(0.12) 
0.88 
(0.17) 
0.94 
(0.07) 
0.92 
(0.08) 
0.94 
(0.07) 
0.88 
(0.15) 
Knee angle – 
sagittal plane 
1.00 
(0.00) 
1.00 
(0.01) 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
0.99 
(0.01) 
Knee angle – 
transverse plane 
0.92 
(0.04) 
0.92 
(0.05) 
0.90 
(0.07) 
0.90 
(0.08) 
0.89 
(0.09) 
0.88 
(0.09) 
Hip angle –  
frontal plane 
0.98 
(0.02) 
0.98 
(0.01) 
0.98 
(0.02) 
0.97 
(0.04) 
0.98 
(0.02) 
0.98 
(0.02) 
Hip angle –  
sagittal plane 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
Hip angle – 
transverse plane 
0.93 
(0.07) 
0.92 
(0.07) 
0.93 
(0.06) 
0.90 
(0.09) 
0.88 
(0.16) 
0.96 
(0.03) 
Pelvic angle – 
frontal plane 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.98 
(0.01) 
Pelvic angle – 
sagittal plane 
0.69 
(0.19) 
0.73 
(0.20) 
0.66 
(0.27) 
0.72 
(0.15) 
0.72 
(0.23) 
0.75 
(0.18) 
Pelvic angle – 
transverse plane 
0.97 
(0.06) 
0.98 
(0.03) 
0.95 
(0.07) 
0.96 
(0.06) 
0.97 
(0.02) 
0.97 
(0.05) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the ankle joint, high trend symmetry (mean TSI values greater than 0.95) was observed in the 
sagittal plane for all activities. However, in camber walking and slope descending, there were a 
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small number of subjects (no more than 2) that showed a TSI that lay between 0.90 and 0.95. Less 
trend symmetry was found in the transverse plane, where the mean TSI value exceeded the 0.95 
confidence interval when walking on a camber slope with the left side higher. Even greater 
asymmetry was found in the frontal plane, where all mean TSI values were outside the 0.95 
confidence interval. Significant reductions in TSI values compared with level ground normal 
speed walking was found in ankle dorsiflexion/plantarflexion angle during left side higher camber 
walking and ankle inversion/eversion angle during right side higher camber walking. 
 
In the knee joint, the flexion/extension angles showed high trend symmetry in all activities (TSI 
values close to 1, which indicates perfect trend symmetry) while in frontal and transverse planes, 
the mean results are all below 0.95. There was no significant difference in the knee angle TSI 
values caused by different walking conditions. 
 
In the hip joint, in both frontal plane and sagittal plane, high trend symmetry (mean TSI values 
greater than 0.95) in the non-amputee group was noticed during all activities. However, one 
individual (subject ID 11) presented less symmetry (between 0.90 and 0.95) in the frontal plane 
during all activities. Similar to the ankle and knee angle, the hip angle in the transverse plane 
showed less symmetry and several subjects presented TSI values below 0.80 even in level ground 
walking conditions. There was no significant difference in the hip angle TSI values caused by 
different walking conditions. 
 
In the pelvis, the tilt angle presented more asymmetry (mean TSI values below 0.80), but mainly 
caused by the lack of obvious trend changes in motion as demonstrated in Figure 6-7. In contrast, 
high TSI values (above 0.95) are obtained in both frontal and transverse planes. But one subject 
(ID 5) showed a TSI below 0.80 in pelvic internal/external rotation in most of the activities. There 
was no significant difference in the pelvic angle TSI values caused by different walking 
conditions. 
 
In general, camber walking results in lower TSIs in ankle angles than the other walking 
conditions. The angles in the sagittal plane except the pelvis present relatively better trend 
symmetry results than the other two planes. Most mean values of TSIs in ankle 
adduction/abduction, hip adduction/abduction, pelvic obliquity and horizontal rotation are within 
the 0.95 confidence interval but an extension of the confidence interval might be reasonable and 
necessary. In the angles that demonstrate relatively good trend symmetry, some “normal” 
individuals might produce TSI values that below 0.80. 
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The means and standard deviations of the TSIs in the kinetic parameters in the non-amputee group 
are given in Table 6-17. The mean values that exceed the 0.95 confidence interval are marked in 
red colour and bold font. 
 
Table 6-17: Mean values and standard deviations of the TSIs in joint moments and GRFs in the non-
amputee group (n=14, 70 cycles) with highlights representing ANOVA results (comparing other activities 
with level ground normal speed walking on the same side). The TSI values that exceed the 0.95 confidence 
interval are marked in red colour and bold font. 
Parameter 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Ankle moment – 
frontal plane 
0.99 
(0.01) 
0.98 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.98 
(0.01) 
0.98 
(0.01) 
Ankle moment – 
sagittal plane 
1.00 
(0.01) 
0.99 
(0.00) 
1.00 
(0.00) 
0.99 
(0.01) 
1.00 
(0.00) 
0.99 
(0.01) 
Ankle moment –
transverse plane 
0.97 
(0.05) 
0.96 
(0.06) 
0.98 
(0.03) 
0.95 
(0.04) 
0.98 
(0.04) 
0.98 
(0.02) 
Knee moment – 
frontal plane 
0.97 
(0.01) 
0.96 
(0.03) 
0.97 
(0.02) 
0.97 
(0.02) 
0.94 
(0.07) 
0.97 
(0.03) 
Knee moment – 
sagittal plane 
0.97 
(0.03) 
0.98 
(0.01) 
0.97 
(0.03) 
0.96 
(0.03) 
0.98 
(0.02) 
0.95 
(0.04) 
Knee moment – 
transverse plane 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.98 
(0.01) 
0.98 
(0.01) 
0.97 
(0.02) 
Hip moment – 
frontal plane 
0.99 
(0.01) 
0.99 
(0.00) 
0.99 
(0.01) 
0.99 
(0.00) 
0.99 
(0.01) 
0.99 
(0.01) 
Hip moment – 
sagittal plane 
0.99 
(0.01) 
0.99 
(0.00) 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.98 
(0.01) 
Hip moment – 
transverse plane 
0.96 
(0.03) 
0.96 
(0.05) 
0.95 
(0.08) 
0.96 
(0.02) 
0.96 
(0.05) 
0.95 
(0.04) 
GRF – 
anterior/posterior 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
1.00 
(0.00) 
0.99 
(0.00) 
1.00 
(0.00) 
GRF – 
lateral/medial 
0.96 
(0.03) 
0.95 
(0.03) 
0.95 
(0.06) 
0.94 
(0.08) 
0.96 
(0.03) 
0.93 
(0.08) 
GRF – 
vertical 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.01) 
0.99 
(0.00) 
0.99 
(0.01) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
In the TSIs of the kinetic parameters, significant differences only appeared in descending, as there 
were significant reductions in the knee sagittal and transverse plane moment TSIs. In general the 
kinetic parameters showed good trend symmetry compared with the joint angles as data falling 
outside the confidence interval are only found in the mean TSIs in the knee frontal plane moments 
and lateral/medial GRFs. A relatively better trend symmetry can be noticed in frontal and sagittal 
plane ankle moments, transverse plane knee moments, frontal and sagittal plane hip moments, 
anterior-posterior GRFs, and vertical GRFs compared with the other TSI values. In the other 
kinetic TSIs, as with the angle TSIs, some individuals might produce a value below 0.80 TSI even 
when the average of the TSIs falls within the 0.95 confidence interval. 
 
The means and standard deviations of the RARs (ratio between left and right side ROM in joint 
angles) in the non-amputee group are given in Table 6-18. There is no suggestion of possible 
thresholds of asymmetry for values of RAR in the literature. Therefore, no indication is given in 
the table relating to asymmetry threshold for validation. 
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Table 6-18: Mean values and standard deviations of the RARs in the non-amputee group (n=14, 70 cycles) 
with highlights representing ANOVA results (compare other activities with level ground normal speed 
walking). 
Parameter 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
left higher 
Camber 
right higher 
Ascending 
slope 
Descending 
slope 
Ankle angle – 
frontal plane 
0.87 
(0.24) 
0.96 
(0.39) 
0.95 
(0.25) 
0.82 
(0.24) 
0.85 
(0.24) 
0.94 
(0.26) 
Ankle angle – 
sagittal plane 
0.92 
(0.09) 
0.98 
(0.15) 
0.91 
(0.08) 
0.98 
(0.17) 
0.94 
(0.09) 
1.00 
(0.12) 
Ankle angle – 
transverse plane 
0.84 
(0.11) 
0.87 
(0.11) 
0.86 
(0.17) 
0.94 
(0.18) 
0.94 
(0.14) 
0.95 
(0.20) 
Knee angle – 
frontal plane 
0.94 
(0.28) 
0.86 
(0.25) 
1.07 
(0.39) 
1.05 
(0.55) 
0.90 
(0.31) 
1.00 
(0.40) 
Knee angle – 
sagittal plane 
1.02 
(0.04) 
1.02 
(0.05) 
1.04 
(0.05) 
0.99 
(0.05) 
1.04 
(0.07) 
1.02 
(0.05) 
Knee angle – 
transverse plane 
1.02 
(0.21) 
1.05 
(0.17) 
0.97 
(0.31) 
0.99 
(0.21) 
0.98 
(0.16) 
1.04 
(0.27) 
Hip angle – 
frontal plane 
0.99 
(0.11) 
1.01 
(0.11) 
1.00 
(0.09) 
0.97 
(0.12) 
0.99 
(0.09) 
1.02 
(0.09) 
Hip angle – 
sagittal plane 
1.00 
(0.07) 
1.02 
(0.08) 
1.04 
(0.08) 
1.00 
(0.07) 
1.02 
(0.05) 
0.99 
(0.05) 
Hip angle – 
transverse plane 
0.97 
(0.32) 
0.99 
(0.26) 
1.01 
(0.38) 
1.05 
(0.30) 
1.07 
(0.29) 
1.02 
(0.30) 
Pelvic angle – 
frontal plane 
0.98 
(0.09) 
0.99 
(0.09) 
1.02 
(0.07) 
0.98 
(0.08) 
0.98 
(0.04) 
1.02 
(0.12) 
Pelvic angle – 
sagittal plane 
1.06 
(0.22) 
1.01 
(0.27) 
1.23 
(0.82) 
0.99 
(0.17) 
1.01 
(0.14) 
1.02 
(0.19) 
Pelvic angle – 
transverse plane 
1.00 
(0.13) 
1.00 
(0.18) 
0.98 
(0.15) 
1.00 
(0.20) 
1.06 
(0.19) 
1.00 
(0.11) 
             
One-way ANOVA results (post-hoc test p-value)  p<0.05  p<0.005  p<0.0005 
 
The most significant changes in the RARs related to different walking conditions were found in 
the ankle adduction/abduction, where significant improvements were recorded in right side higher 
camber walking and slope ambulation. Another significant improvement was noticed in ankle 
dorsiflexion/plantarflexion during slope descending. Deterioration was found in hip 
flexion/extension when walking on a camber slope with the left side higher. There is no consistent 
results that indicate that uniform RARs might correlate to the dominant leg. 
6.5 Discussion 
The main purposes of this data collection with non-amputees were to study the strategies of the 
non-amputee with the local laboratory configuration and to construct the normative database for 
each walking condition for comparison with the TFAs. The discussions on the non-amputee 
normative database will focus in three aspects: (1) the strategies of non-amputee to adapt to 
different walking conditions; (2) the asymmetry in non-amputees’ gait; and (3) the limitation of 
the normative database in this research. 
6.5.1 Strategies in Non-Amputees to Adapt to Different Walking 
Conditions 
The level ground normal speed walking data of non-amputees is used as a reference to investigate 
the strategies developed in the other walking conditions. In this project, the determined mean 
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value of the speed is within the range (between 1.10 m/s to 1.34 m/s) that has been reported by 
most previous researchers (Oberg et al., 1994, Öberg et al., 1993, Benedetti et al., 1998) but 
slower than the reports (which ranged from 1.27 m/s to 1.60 m/s) that involved a higher 
proportion of young and male subjects (Eng and Winter, 1995, Kadaba et al., 1990, Sadeghi et al., 
1997). This could be considered to be a result of gender difference (Oberg et al., 1994, Benedetti 
et al., 1998). Compared with the previous studies that reported similar self-selected velocity, the 
spatial-temporal parameters are generally consistent. Very similar patterns, ROM and magnitudes 
were observed in joint angles and moments except the pelvic tilt angle and ankle 
dorsiflexion/plantarflexion angle. Based on the results of the sensitivity analysis of the SACRUM 
marker dislocation and the researcher’s experiment experience, the pelvic tilt difference (about 
7.5° lower in average compared with literature) could be caused by the difference in mark 
placement protocol between different research teams. The sagittal plane ankle angle measured in 
this research is the angle between shank segment and foot segment without normalisation. 
Therefore, the neutral ankle position is about 65° in the data presented while in most reports, with 
the ankle angle normalised based on standing posture, level ground (using GCS of motion 
capture) or heel-toe markers, the neutral ankle position is around 0°. The reason for using a non-
normalised ankle angle in this research is because the greater magnitudes of peak values could 
prevent very large SI values as previously discussed in Section 3.3.1. The normalised ankle angle 
based on standing posture was also calculated in this research in order to check if some 
differences were caused by the shod condition in the main test with amputees. Despite the neutral 
position, the curve pattern and the ROM of dorsiflexion/plantarflexion are similar to previous 
work. 
 
The following discussions on the strategies during level ground fast speed walking and slope 
ambulation are mainly based on the variables that showed consistently significant changes on both 
sides compared with level ground normal speed walking. Because the camber used in this 
research is designed for TFAs, relatively limited effects were found with the gait of non-
amputees. The discussions on the strategies during camber ambulation are based on consistent 
changes at either the higher or the lower side that reached a statistically significant level at least in 
one walking direction. 
6.5.1.1 Level Ground Faster Speed Walking 
The velocity of the fast walking speed measured from non-amputee group (1.57 m/s) is very close 
to the self-selected fast walking speed reported by Oberg et al. (1.54m/s), which was measured 
from 233 subjects crossing gender and age (Oberg et al., 1994). The increased walking speed 
affects almost all spatial-temporal parameters. Less cycle time, step time, stance time and swing 
time indicates increased step rate, while the longer stride length and step length indicates greater 
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ROM in the sagittal plane hip angle or increased extension at the knee joint at initial contact. 
These changes need to be achieved by higher angular velocity in all lower segments especially the 
hip and knee during locomotion. In GRFs, there is a significantly higher anterior force peak 
(GRFX1) and first vertical force peak (GRFZ1) at early stance due to the higher impulse and 
increased posterior forces (GRFX2) to maintain the speed. The changes in joint angles and 
moments to adapt to, and maintain, the faster speed can be found in following aspects: 
1. At the pelvis, there is a significantly increased maximum obliquity up angle (HAX), which 
indicates increased pelvic motion in the frontal plane associated with increased walking 
speed; 
2. At the hip, there is significantly increased maximum swing flexion (HAY3) as well as initial 
contact flexion (HAY1) and greater maximum stance extension (HAY2, significant only at 
left side). These create a larger ROM in the sagittal plane, which caused the greater step 
length and stride length as inferred. A significantly increased second extensor peak (HMY1) 
allows a higher angular acceleration of the leg in early stance. A significantly increased 
extensor moment in late stance (HMY2) and flexor moment (HMY3) in late swing are 
required to slow down the segment that is moving at a higher angular velocity in a shorter 
time. In the frontal plane, the magnitude of other first stance abductor peak (HMX1) and 
swing adductor peak (HMX3) significantly increased to allow faster angular acceleration or 
deceleration. The second abductor peak (HMX2) is reduced, probably due to the smaller 
medial GRF observed; 
3. At the knee, significantly increased initial contact and early stance flexion (KAY1 and 
KAY2) can be found with corresponding higher extensor moment (KMY1). This agrees with 
the early stance knee kinematic and kinetic adaption with walking speed reported by Holden 
et al. (1997) (as showed in Figure 6-10) and Oberg et al. (1994). This strategy is probably to 
enable better damping caused by an increased impulse. The swing flexor peak during late 
swing (KMY3) is significantly increased to decelerate the shank motion; 
4. At the ankle, there is significantly reduced plantarflexion in early stance (AAY2) and 
decreased dorsiflexion in late stance (AAY3), which are probably caused by the increased 
linear and angular velocity of the shank segment. A significantly increased plantarflexor peak 
is generated to provide more push-off force. There is a significantly increased mid-stance 
inversion angle (AAX1), which is probably caused by the increased stride width (not 
significant). 
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Figure 6-11: Mean pattern of sagittal plane knee angle and moment from 18 healthy adults when worked at 
(1) 25%, (2) 50%, (3) 75%, (4) 100% and (5) 125% of a scaled natural speed (0.785 stature/s) (Holden et 
al., 1997). 
 
In general, the strategies that were noticed in fast speed walking from non-amputees agreed with 
the previous studies (Holden et al., 1997, Oberg et al., 1994, Jordan et al., 2007). It can be noted 
that the improvement in hip motion and moment is the key factor in maintaining the faster speed 
and the ankle moment assists with providing posterior forces. The changes in knee motion help to 
reduce the impulse. 
6.5.1.2 Camber Ambulation 
The camber walking, was not very different compared with level ground normal speed walking, 
which could be a result of the relatively small angle of the camber (2.5°). Further, because of the 
slightly faster walking speed (probably caused by the faster working on level ground trials 
directly before camber ambulation), it is difficult to identify changes that might be caused by 
speed rather than ground condition. Further work that takes walking speed and camber degree as 
variables is required to confirm the strategies observed in this research. A greater stride width was 
observed that could be needed to control balance in the frontal plane. Damavandi (2012) reported 
significantly differences in peak values in anterior-posterior GRF and first vertical GRF peak, and 
very different medial-lateral GRF pattern in 10° camber walking. However, in this experiment, 
higher early stance peaks (GRFX1 and GRFZ1) were only found in the left side GRFs when the 
left side is lower, which is probably caused by the low camber angle as well. The changes of the 
lower limb locomotion can be summarised as: 
1. At the pelvis, there is a reduction in the maximum external rotation (PAZ2) at the lower side; 
2. At the hip, during stance, there are increased adduction (HAX1 and HAX2) at the higher side 
and reduced adduction (HAX1 and HAX2) at the lower side, which are matched by the 
changes in hip abductor moments (HMX1 and HMX2); 
3. At the knee, more flexion (KAY4) at the higher side can be observed during swing to 
supplement the foot clearance; 
4. At the ankle, a significant change appears in the mid-stance inversion/eversion angle 
(AAX1), which indicates that the biological ankles adapt to the laterally inclined surface to 
allow more contact surface between foot and ground. This agrees with the report from 
Chapter 6.Normative Non-amputee Database Construction and Analysis 
 
129 
Damavandi et al. (2010). Similar to the knee, there is more dorsiflexion (AAY5) to 
supplement the toe clearance at the higher side during swing phase (achieve statistical 
significance only in a left side higher condition). In the transverse plane, increased abduction 
(AAZ3) at the higher side and decreased abduction (AAZ1 and AAZ3) at the lower side were 
found and the changes in abductor moments (AMZ1) correspond to the kinematic 
adjustment. 
 
Overall, it can be inferred that the strategies of the change in locomotion during camber walking 
is to keep the COM closer to the higher foot. This could explain the increased adduction at the 
higher side hip and reduced adduction at the lower side (as shown in Figure 6-11). Further, the 
changes in the transverse plane foot angles would provide more area to keep the COM projection 
between the two feet. However, despite the fact that there are consistent changes that correspond 
with the camber walking strategies, statistically significant differences were not found in all the 
relevant parameters. One possible reason is that the relatively small degree of camber limits the 
differences that can be caused by ground condition, as already mentioned. Another reason could 
be the conflict between the dominant leg preference and the strategies. Most of the subjects in 
non-amputee group are right leg dominated and it can be noted that in all tested walking 
conditions, the right step length is always slightly longer than the left. If a non-amputee subject 
had a tendency to keep the COM closer to the dominant leg in uneven ground, the strategies 
would be performed more comfortably and significantly when the dominant leg is higher and less 
clear when the dominant leg is lower. The slightly faster walking speed when the right side is 
higher might be an indication of this assumption. However, this assumption is converse to the 
functional asymmetry hypothesis that during level ground walking with healthy subjects, the non-
dominant limb contributes more to support and the dominant limb contributes more to propulsion 
(Seeley et al., 2008). So far there are very limited studies on the gait symmetry and the effects of 
lateral dominance on uneven surface ambulation and the design of this research is not very 
appropriate to investigate the effect of leg dominance on non-amputee’s gait. Future studies are 
required to explain and confirm the performance of non-amputee’s camber walking. 
 
 
  
 
 Figure 6-12: Sketch of locomotion strategies in camber ambulation in front view.  
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6.5.1.3 Ascending Slope 
In uphill walking, there were significant increases in step time, stance time and cycle time and a 
reduction in stride width as previous studies reported (Kawamura et al., 1991, Lay et al., 2006, 
Leroux et al., 2002, Han et al., 2009). The magnitudes of the peaks in anterior-posterior GRFs 
(GRFX1 and GRFX2) were significantly reduced but the second vertical GRFs peaks (GRFZ2) 
were significantly increased. The modifications in the lower limb kinematics and kinetics can be 
summarised as: 
1. At the pelvis, there is increased anterior tilt (PAY1) during the entire GC to keep the COM 
slightly forward. More obliquity up from mid-swing until end of loading responses (PAX1) is 
required to reach the higher contact level of foot. In the transverse plane, overall the ROM 
was reduced, which is probably caused by the reduced hip extension; 
2. At the hip, from late swing to loading response, there is increased flexion (HAY1 and 
HAY3) due to the higher contact level. A greater adduction at initial contact (HAX1) could 
explain the narrower stride width. There is significantly reduced extension (HAY2) at late 
stance, which is a result of the lower contact surface. Increased extensor moment (HMY1) is 
generated from the loading response until 50% of GC to lift the upper body; 
3. At the knee, an increased flexion (KAY1 and KAY2) can be found from late swing until 
about 40% of the GC to assist with the foot clearance and this allows the COM to move 
forward without bending the trunk anteriorly. Due to this increased flexion, the anterior GRF 
reduces as the shank is more upright during the loading phase. The maximum stance flexor 
(KMY2) was significantly increased as a result of increased second vertical GRFs peaks 
(GRFZ2); 
4. At the ankle, an increased dorsiflexion from mid-swing until late stance (AAY1, AAY2, 
AAY3 and AAY5) was found, creating toe clearance and adapting to the inclined surface, 
while a greater plantarflexion peak (AAY4) was found around toe off due to the lower 
contact level. There was reduced plantarflexor from about 15% to 35% of GC (no point of 
interest was selected in this period) to allow the tibia to roll over more easily. This was 
followed by a significantly greater plantarflexor peak (AMY1) to create more push-off force. 
 
Overall, the changes in sagittal plane kinematics and kinetics observed in ascending slope agree 
with the previous studies that were carried out with a similar gradient (Kawamura et al., 1991, 
Leroux et al., 1999, Leroux et al., 2002, Prentice et al., 2004, McIntosh et al., 2006, Lay et al., 
2006, Hong et al., 2014, Han et al., 2009). The strategies in the sagittal plane during ascending the 
slope aim to keep the COM slightly forward but without bending the trunk too much and 
generating more moments to lift the body up. This was mainly created by the hip extensor and 
supported by the knee extensor and ankle plantarflexor. So far, there is very limited research 
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discussing the functional adjustments in the frontal plane and transverse plane in either ascending 
slope or descending slope. Based on the changes observed in these two planes, it is believed that 
the purpose of relevant adaption is to increase the efficiency of walking. It has been recognised 
from the studies with TFAs that a larger stride width will reduced the walking efficiency due to 
the greater side to side motion. In contrast, a relatively narrower stride width would help to 
increase the walking efficiency, but may also increase the difficulty of balance control. 
6.5.1.4 Descending Slope 
As the subjects were requested to maintain a relatively constant walking speed, the mean velocity 
in downhill walking was slower than most of the previous studies (Kawamura et al., 1991, S. 
Redfern and DiPasquale, 1997, McIntosh et al., 2006). There were significant reductions in stride 
length and step length (not statistically significant at the right side) as reported (Kawamura et al., 
1991, S. Redfern and DiPasquale, 1997), while the stride width was significantly broader. The 
first vertical GRFs peak (GRFZ1) was significantly higher due to the converted gravitational 
potential energy and the second peak (GRFZ2) significantly reduced. The change of locomotion 
can be found in following aspects: 
1. At the pelvis, decreased anterior tilt can be noticed during the entire GC to keep the COM 
slightly backward. Increased obliquity down angle can be found from mid-swing until the 
end of the loading response (PAX1) to accommodate the reduction in level; 
2. At the hip, there was reduced ROM in the sagittal plane during the whole GC that caused a 
reduced stride length and step length. There was significantly increased abduction at initial 
contact (HAX1) that created a greater stride width and as a result, the magnitudes of frontal 
plane moment shift towards the greater abductor during most of the stance phase 
(significantly at points HMX1 and right side HMX2); 
3. At the knee, increased flexion from about 10% to 70% of the GC (significant at KAY2, 
KAY3 and KAY4) was caused by the downward slope. A significantly higher extensor 
moment was produced during the loading phase to avoid knee collapse and there was reduced 
flexor moment (KMY2) from about 25% to 55% of the GC as the higher level of contact 
surface helps with increasing the knee flexion; 
4. At the ankle, increased early stance plantarflexion (AAY2) and more dorsiflexion (significant 
at points AAY3 and AAY4) from late stance until middle swing was caused by the ground 
condition. The plantarflexor moment was higher from about 10% to 30% of GC to slow 
down the tibia rolling forward. The peak plantarflexor (AMY1) moment was significantly 
decreased due to the reduced requirement in push-off on a descending slope. 
 
Generally speaking, despite the walking speed, most of the observed differences in spatial-
temporal parameters and sagittal plane kinematics and kinetics agree with the previous findings 
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that were carried out at a similar degree of inclines decline (Kawamura et al., 1991, Kuster et al., 
1995, S. Redfern and DiPasquale, 1997, Leroux et al., 2002, Prentice et al., 2004, McIntosh et al., 
2006, Hong et al., 2014b). In the sagittal plane, the strategies aim to keep the COM slightly 
backward and slow down the walking process that is accelerated by gravity. According to Hansen 
et al.’s (Hansen et al., 2004) research on the roll-over characteristics of biological knee-ankle-foot 
system, the knee joint is the most essential adapter to the downhill walking, . this This is later 
confirmed by Vrieling et al. (2008) later in a study on slope ambulation with non-amputees, TTAs 
and TFAs. In contrast to an with ascending slope, there is greater stride width which indicates the 
strategies in the frontal planes aim to allow more balance control and this leads to higher hip 
abductor moments. But However, the strategies are not performed symmetrically, as the right side 
showed more obvious changes, which might be a result of the preference of for using the 
dominated dominant leg more than the other one. 
6.5.2 Asymmetry of Gait in Non-Amputees 
The discussion on the gait asymmetry is separated into two sections according to the two types of 
indices and focuses on the changes caused by different walking conditions. 
6.5.2.1 Symmetry Indices 
In level ground normal speed walking, no value exceeded the ±10% band in spatial–temporal 
parameters and sagittal plane angle peaks as expected from the non-amputee subjects. The mean 
values of the GRF SIs are all positive, which might be caused by the large proportion of right leg 
dominated subjects in the non-amputee group. However, except for the maximum anterior force 
peak (GRFX1), the other variables do not present a consistent tendency regarding leg domination 
among all right leg dominated subjects. Compared with Herzog et al.’s report in the SI of GRFs 
during level ground normal speed walking recorded from 62 subjects (Herzog et al., 1989), the 
posterior force peak (GRFX2) and the two vertical force peaks (GRFZ1 and GRFZ2) showed 
similar symmetry levels at nearly 0, while the anterior force peak (GRFX1) is greater (10.33 
higher in mean value). According to the commonly agreed band (±10%) as threshold of 
symmetry, it should be considered that the non-amputee group is asymmetrical in this variable. 
However, Giakas and Baltzopoulos reported a mean value of 9.95 in the ASI of anterior force 
peak (GRFX1) measured from 10 male non-amputee subjects (Giakas and Baltzopoulos, 1997), 
which is very close to the observed value in this research. There is no previous work using SI to 
investigate the symmetry of joint moment. In this research it was found that the absolute values of 
the mean stance knee moment peaks (KMY1 and KMY2) are greater than 10%, which could a 
result of the relatively smaller magnitudes. 
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The purposes of the locomotion in gait are to support the body against gravity and maintain the 
propulsion to keep the body move forward (Sadeghi et al., 1997). The functional gait asymmetry 
hypothesis claims that the non-dominated and dominated sides of the lower limb contribute more 
to the supporting and moving functions respectively (Hirasawa, 1981). This hypothesis has been 
tested in many previous studies on level ground walking conditions with varying speeds and 
involving a large numbers of different gait parameters and so far, there is no agreement on the 
credibility of this hypothesis (Sadeghi et al., 1997, Seeley et al., 2008). In this research, there are 
two walking conditions, ascending slope and level ground fast speed walking, which correspond 
with increased requirement in supporting and moving respectively. In ascending slope, there were 
significantly shifts towards greater magnitudes at the left side in the two vertical GRF peaks 
(GRFZ1 and GRFZ2), which agrees with the functional gait asymmetry hypothesis that the non-
dominated leg provides more supporting function. Significant change was also found in the 
maximum knee flexion at swing phase (KAY4), but it is difficult to link this change to the gait 
asymmetry hypothesis or other appropriate explanations. In fast speed walking, significant 
difference in SI was only found in step time, while according to the gait asymmetry hypothesis, 
changes in the anterior-posterior GRF peaks (GRFX1 and GRFX2) were expected and have been 
observed in previous study (Seeley et al., 2008). The significantly reduced step time SI with 
increased walking speed indicates that the right side showed greater proportion in the decrease of 
step time. As introduced in section 2.2.2, step time includes the duration of pre-swing phase and 
swing phase, and there is no significant difference found in swing time SI as Plotnik et al. (Plotnik 
et al., 2013) reported. Therefore the change in step time is more likely to be caused by the pre-
swing phase when the leg is generating propulsion and indicates the right leg showed more rapid 
push-off progress compared with the left side. However, this is not supported by the posterior 
GRF peak (GRFX2). The design of this research is not aimed at investigating the functional gait 
asymmetry hypothesis, but some differences in the SI values were found which related to this 
hypothesis. Future studies with more appropriate design (controlled different speeds) that focus on 
gait symmetry are required to confirm the finding in this research. 
 
Camber ambulation is the only activity that introduced an asymmetry in the ground condition 
between the left and right sides in this research and was expected to produce more changes in the 
symmetry parameters compared with level ground normal speed walking. The most significant 
changes in the SI values in the sagittal plane joint angles were found in camber ambulation and 
the shift directions of the significant changes reverse when walked from different directions. 
However, in the spatial-temporal parameter (step time), sagittal plane moments (KMY3 and 
HMY3) and some of the sagittal plane angles (AAY4 and HAY1), significant changes was only 
determined in the right side higher walking condition. As discussed in section 6.5.1.2, it is 
possible that the right leg dominated subjects are more comfortable in keeping the COM closer to 
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the right foot when walking on uneven ground. Therefore the strategies that move the COM closer 
to the higher side, which lead to changes in symmetry parameters, were more obvious when 
walking with right side higher, while in the opposite direction, the effect on the strategies was 
reduced. It is considered that when a camber slope with a relatively smaller incline was used, the 
influence from the dominate leg preference is comparatively greater and this might be the reason 
why some significant changes were only found during the right side higher condition. However 
due to the limited study with various camber dimensions in this area, future research are required 
to confirm this assumption. 
 
In descending slope, the significant differences in SI were found in step time and maximum knee 
flexor moment (KMY2). The step time SI was statistically significantly improved in descending 
slope, however, there was no change in the mean values and standard deviations in the left and 
right side step times given in Table 6-3. The mean absolute values in the maximum knee flexor 
moment (KMY2) SI were much greater compared with level ground normal speed walking 
because as given in section 6.4.5.2, the magnitude of this variable was significantly reduced by 
more than 70% when walking downhill and as mentioned in section 3.3.1, a smaller magnitude of 
a variable could lead to greater SI values. Therefore the significant change in maximum knee 
flexor moment (KMY2) SI might be caused by the reduced magnitude. 
6.5.2.2 Trend Symmetry Indices and Range Amplitude Ratio 
TSI was originally introduced to assess the symmetry in sagittal plane lower joint angles and in 
this research it was expanded to other planes and kinetic patterns. The sagittal plane lower joint 
angles showed high trend symmetry (TSI above 0.95) among all non-amputee subjects in the level 
ground walking conditions as reported by previous studies (Crenshaw and Richards, 2006, 
Sant'Anna et al., 2011). However, the pelvic tilt angle showed much smaller TSI values (mean 
value below 0.75) that is probably caused by the small ROM and lack of obvious trend in pattern. 
Compared with the sagittal plane lower joint angles, the TSI values in the other planes are 
relatively smaller, probably as a result of the smaller ROM. Because 0.95 was used as a threshold 
for the TSI, the variables that showed mean TSI values below 0.95 in level ground walking 
conditions in the non-amputees will be removed from the main test with amputees, specifically, 
the TSI in ankle inversion/eversion, knee adduction/abduction, knee internal/external rotation, hip 
internal/external rotation, and pelvic tilt patterns are removed. For the same reason, all kinetic 
patterns are kept in the main test with amputees. 
 
Significantly reduction in the TSI was found in ankle inversion/eversion and 
dorsiflexion/plantarflexion angles during camber ambulation (but only significantly at one side in 
one walking direction) and knee flexor/extensor and internal/external rotator moment during 
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descending slope. As discussed in Section 6.5.2, the ankle joint is the major adaptor to the camber 
and knee joint is major adaptor in the downhill walking, therefore it is probably that the TSI at the 
joint that is most relevant to the ground condition adaption are more affected when there are 
increased requirements in balance control. 
 
RAR is a parameter that indicates the difference in the ROM in kinematic patterns between two 
sides. Significant improvement in RAR was found in ankle dorsiflexion/plantarflexion angle 
during descending slope and ankle adduction/abduction angle during camber ambulation with 
right side higher and slope ambulation. Significantly increased difference indicated by RAR was 
found in hip flexion/extension during camber walking with left side higher. The changes found in 
camber ambulation are probably caused by the ground condition. But there is not an appropriate 
explanation for the other changes observed in ankle angles during slope ambulation. According to 
the strategies summarised in Section 6.5.1, the changes in the locomotion and moments in lower 
limb are not likely to cause the difference in the symmetry in ROM at the two sides and future 
research is required to understand the causing of change in RAR in slope ambulation. 
6.5.3 Limitations of the Normative Database 
According to the previous reports, there are significant differences in various gait parameters 
between gender and age groups (Öberg et al., 1993, Benedetti et al., 1998, Oberg et al., 1994, Liu 
and Lockhart, 2006). CMAS (Ireland, 2012) recommended the construction of separate normal 
databases for different ages and genders. Therefore, the best design for a control group is to find 
the subjects with the same gender, similar age, and even similar height as the TFA subjects, which 
can be difficult to achieve. 
 
The camber used in this research is designed for TFAs, using a conservative dimension. The 
effect of this was to observe only limited influences on the gait of non-amputee subjects. 
Therefore, the changes in the variables observed from non-amputees are less obvious compared 
with previous studies and as subjects walked at self-selected walking speed, it is difficult to 
distinguish some differences that could be caused by either speed or camber. However, it seems 
the relatively small gradient allows the preference of dominant leg to affect the theoretical 
mechanics strategies of camber ambulation. 
 
Most of the non-amputee subjects who participated in this project are right leg dominant. Some 
assumptions on the effect of dominant legs need to be verified from a larger population involving 
subjects with different dominant sides. 
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6.6 Summary 
This Chapter presents the construction of the normative database from 14 able-bodied subjects, 
which includes spatial-temporal parameters, GRFs, pelvic and lower joint angles, lower joint 
moments, SIs, TSIs and RARs. The strategies in non-amputee lower limb kinematic and kinetic 
adjustments to adapt to different walking conditions are discussed and summarised. In general, the 
normative database agrees with the findings from previous studies that were carried out in similar 
conditions. The strategies to adapt to the inclined surface aim to maintain the balance by moving 
the COM closer to the higher direction. According to the hip moment, it is found that the hip is 
the key factor to maintain faster speed and body lift-up during uphill walking. The knee motion 
shows that the knee joint is important in assisting the change of COM during slope ambulation 
especially in descending slope. The ankle motion in frontal and sagittal plane shows that ankle 
joint is essential to allow full contact between the inclined surface and the foot. The camber 
ambulation is found most affect the SI compared with level ground normal speed walking and the 
changes observed in faster speed walking and ascending slope could partly explained by the 
functional gait asymmetry. Symmetry (mean TSI values above 0.95) in the trend of left and right 
kinematic and kinematic patterns were found in most measured TSI variables except ankle 
inversion/eversion, knee adduction/abduction, knee internal/external rotation, hip internal/external 
rotation, and pelvic tilt angles. 
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Chapter 7 
7 Pilot Gait Study with Conventional and 
Osseo-integrated Trans-femoral Amputee  
7.1 Introduction 
This chapter describes the two pilot tests that were carried out with one conventional TFA and an 
osseo-integrated TFA. In the first pilot test, the subjects performed the same activities as the non-
amputee group without making any changes to the subject’s commonly used prostheses. The 
kinematic and kinetic patterns at the pelvis and lower joints at both sides are reported together 
with the non-amputee range determined from Chapter 6. The load-time curves that were obtained 
from the osseo-patient’s abutment and implant system are reported too. There is a discussion on 
the issues observed in the data with TFAs and general differences between the two TFAs and non-
amputees. The second pilot test was carried out with the osseo-patient only to record the time 
needed for new prosthetic component fitting and validate the inverse dynamics approach used in 
this research. The chapter ends with a discussion on the observed differences between the 
calculated internal loads and the directly measured data. 
7.2 First Pilot Test 
The objectives of the first pilot test with amputees can be summarised as follows: 
1. Use of the load cell within the prosthesis used by the osseo-integrated subject. 
The load cell had to be attached between the abutment and the prosthetic knee by 
replacing the torsion adaptor. It was important to establish if the load cell and connecting 
cable affected the subject’s gait, and to evaluate the level of synchronisation between the 
load cell data acquisition system and the motion capture system.  
2. Record logistical issues in data collection and problems in data analysis. 
Although the data collection protocol has been tested with the non-amputees, there could 
be additional issues with TFAs when undergoing the same tests. The TFAs might show 
different features in the kinematic and kinetic variables as the current prostheses could not 
fully replace the function of the lost limb. Therefore, some points of interests observed 
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from non-amputee subjects might not appeared in TFAs and the timing of some features 
might differ. Adjustment in the data processing and analysis with the conventional TFA 
group and the osseo-integrated TFAs will be determined from this pilot test data. 
7.2.1 Method 
Two subjects who met the inclusion criteria and accepted the invitation for the main amputee data 
collection agreed to participate in the pilot test. The first pilot tests were carried out with the 
original prostheses of the subjects without any changes, which should not impact the performance 
or subjective evaluation results of the participants in main study. The inclusion criteria were:  
1. Unilateral TFAs who have finished their whole rehabilitation program; 
2. Over the age of 18; 
3. Participants to have had a review with their prosthetist within two months prior to the first 
data collection day and have no outstanding issues with the prosthesis fit or stump (such 
as pain and infection); 
4. Participant mobility to be scored as level E or above using the SIGAM tool: "walks 50 
metres or more without walking aids except to improve confidence in adverse terrain or 
weather" (or equivalent K-codes A3 and A4); 
5. Able to negotiate ramps and stairs without any additional walking aids; 
6. Able and willing to walk with attached measurement equipment - as load cell and body 
markers. 
And the exclusion criteria for amputee participants were: 
1. Participants with visual, auditory or vestibular impairment that affects balance, walking or 
the ability to follow and respond to verbal instructions 
2. Participants with infection issues in the implant system 
3. Participants who are recently, or are currently, involved in another similar research 
project related to studying the function of prosthetic ankle 
7.2.1.1 Protocol 
Two participants were separately invited to a one-day experiment to last for approximately 3 
hours at the University of Surrey Gait Laboratory. One of the two participants was an osseo-
integrated TFA and a state registered prosthetist from Queen Mary’s Hospital attended this 
patient’s test to mount the load cell with the prostheses. 
 
Subjects were asked to change into shorts and wear their commonly used shoes. Anthropometric 
data as well as the parameters defining the residual limb were measured based on the description 
in section 4.3.2 and 15 retro-reflective markers were placed on pelvis and lower limb according to 
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the variation of the Helen Hayes marker set that was introduced in section 4.2.2. For the osseo-
integrated subject, one additional device, the JR3 load cell, was mounted between the abutment 
and the tube that connects to the prosthetic knee joint. Figure 7-1 demonstrates the locations of the 
markers and JR3 load cell on the osseo-integrated subject. When the JR3 load cell was used, one 
trigger was applied to enable synchronous recording of the motion capture system and load cell 
data acquisition system. The frequency of motion capture was 120 Hz and the GRFs were 
recorded at 240 Hz. The loads detected by the load cell were measured at 240 Hz.  As with the 
non-amputee data collection, a data set during quiet standing with the foot template was recorded 
for normalising the sagittal plane ankle angle during data processing to check if there are 
differences compared to non-amputees caused by the shod condition. 
 
 
Figure 7-1: The osseo-integrated TFA subject standing with the foot template. 
 
Gait was measured in the following walking conditions: (1) level ground (self-selected) normal 
speed walking; (2) level ground (self-selected) fast speed walking (the fastest speed that the 
subject could maintain for a few minutes); (3) obstacle crossing (swing prosthetic leg over 
obstacle first); (4) obstacle crossing (swing intact leg over obstacle first); (5) camber slope 
walking (prosthetic side higher); (6) camber slope walking (intact limb higher); (7) ascending 
slope; (8) descending slope; (9) ascending stair; (10) descending stair. Before each activity, the 
subjects were given time to adapt to the different ground condition and practise making clean 
single foot contacts on both sides. Tests were not started until the subjects felt safe and confident. 
If the subject was used to a different manner of ambulation compared with the non-amputees, he 
was asked to perform the activity in his own way. For example, many TFAs cannot perform step-
over-step walking on stairs and they need to step on/down a different level with one side first and 
then move the other leg to the same level. Sufficient rest time was given between different tests 
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and at least 5 trials were collected for each activity. A detailed data collection protocol is attached 
in Appendix XV. 
 
A favourable ethical opinion from the NHS Ethics Committee was granted. The ethics letters and 
Participant Information Sheet for the TFA group are attached in Appendix XVI and Appendix 
XVII respectively. The Participant Information Sheet was sent to the subjects prior to the 
experiment day. An explanation of the difference between the pilot test and the main test was 
given to subjects and informed written consent was received from the subjects before the tests 
started. 
7.2.1.2 Data Processing 
The pilot amputee data collection followed a similar process with the QTM and Visual 3D as used 
with the non-amputees. As the prostheses was not disassembled and measured during the test, 
when the biomechanics models were created, the mass of the prosthetic components was 
estimated based on the information provided by the manufacturer. The prosthetic segments were 
modelled as rigid conical frustums with uniform density as introduced in Section 4.3.1. On the 
intact side, the mass of segments were corrected based on the estimated prostheses weight, 
subject’s body weight, and estimated residual limb weight that calculated from measured residual 
limb geometry and normal anthropometric proportions (given in Appendix VI). 
 
The analogue data from the load cell was processed in Matlab to calculate the forces and moments 
acting on the abutment. The forces and moments were then modified with the scaling parameters 
that were developed in section 5.2. The processed load cell data was exported into Visual 3D and 
integrated with the corresponding walking trials so that the gait event information could be 
compared. 
7.2.2 Results and Discussion 
The main purposes of the first pilot test are to check if there are any issues with the TFAs in data 
collection, processing and analysis compared with non-amputees and to make any necessary 
adjustments in the data collection protocol and parameters that were used in the analysis. 
Therefore, except the spatial-temporal data, the magnitudes at the points of interest and symmetry 
parameters will not be presented and discussed. The discussions will be focused on the observable 
differences in the kinematic and kinetic patterns compared with normative database and 
modifications required in data collection and processing in the main test with TFAs. 
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7.2.2.1 Subject Information 
One conventional TFA (Gender: male; Age: 27 years; Height: 1.81m; Weight with commonly 
used prostheses: 81kg; Subject ID: TF1) and one osseo-integrated TFA (Gender: male; Age: 45 
years; Height: 1.70m; Weight with commonly used prostheses: 93kg; Subject ID: OI1) attended 
the pilot test. Both subjects are unilateral TFAs with amputation on the right leg. The information 
of the residual limb and the subjects’ commonly used prostheses are given in Table 7-1.  
 
Table 7-1: Information of residual limb and subject’s commonly used prostheses  
ID 
Residual limb 
length (m) 
Years of using 
prostheses 
Socket 
Prosthetic Knee Prosthetic Ankle/foot 
Brand Model Brand Model 
TF1 0.55 13 
Carbon outer and pelite 
inner. 
Endolite KX06 Endolite EchelonVT 
OI1 0.28 25 
no socket, a torsion adaptor 
between stump and knee joint 
Ottobock 3R80 OSSUR Vari-Flex 
7.2.2.2 Issues Recorded in First Pilot Data Collection and Processing 
There was no reported or observed walking issue from both the conventional and osseo-integrated 
subjects during level ground normal speed walking, level ground fast speed walking, camber 
walking from two directions, and slope ambulation during the pilot test. There was no reported or 
observed walking issue caused by the load cell or cable from osseo-integrated subject. 
 
The main issues with the ambulation of the TFAs were noticed during obstacle crossing and use 
of the stair due to the limited control of the mechanical prosthetic knees. To perform obstacle 
crossing, an increased foot clearance was demanded for both leading leg and support leg. Among 
non-amputees, this is mainly realised by more hip and ankle joint flexion at the leading side and 
more knee and ankle joint flexion at the support side. For the TFA subjects, the lack of flexion at 
the prosthetic ankle and knee was normally supplemented by additional flexion and abduction at 
the prosthetic hip joint and plantarflexion at the intact side ankle (as showed in Figure 7-2). The 
additional motion, especially the hip abduction, caused relatively large trunk movement and 
increased the difficulties in controlling body balance. Moreover, there was a high risk that the 
prostheses might kick or hook the obstacle and cause the subjects to fall when the support leg was 
either too far or too close to the obstacle. Non-amputee, subjects walked at a self-selected speed 
on the 8 m walkway and crossed the obstacle in the middle of walkway. The TFAs walked only 
two steps before crossing the obstacle as subjects felt that this allowed them better control in 
lining up the obstacle. The osseo-integrated subject suggested and performed another way 
commonly used to step over an obstacle, which is to allow the intact leg to step on the obstacle 
and then swing the prosthetic side over the obstacle. In this way, no extra foot clearance was 
required for the prosthetic leg. In ascending the stairs, both subjects were not capable of walking 
step-over-step style and used the intact side followed by prosthetic side strategy. When they 
walked down the stairs, the conventional TFA subjects were able do a step-over-step style with 
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use of the handrails. However, as with the obstacle crossing condition, it showed a high risk of 
losing balance as instability of the trunk was observed. Both subjects were asked to use the 
prosthetic side followed by the intact side strategy in descending the stairs. However, with the 
strategies used, there were very limited functional requirements from the prostheses. 
 
 
Figure 7-2: Frontal and side views showing how conventional TFA swung prosthetic leg over obstacle 
when the prosthetic leg was the leading leg (left) and when the prosthetic leg was the support leg (right). 
 
The main issues with the actual data acquisition were found during level ground fast speed 
walking and stair ambulation. For subject TF1, the measurement range of the motion capture 
system could not cover the whole GC at both sides sometimes, and the subject experienced more 
difficulty in making clean single foot contacts with two force plates during fast walking due to his 
increased step and stride length. In the non-amputee data collection, the requirement on making 
clean single foot contacts with the force plates limited the step and stride length to a certain 
extent, while in TFA’s condition, it was much more difficult to limit the step and stride length 
when walking at a faster speed. In the stair ambulation, as the different strategies were used, in 
order to get clean single foot contacts, subjects were asked to walk closer to one side of the stair 
instead of in the centre (as demonstrated in Figure 7-3 left). Then in each trial, kinetic data could 
be measured for two completed GCs at one side. However, this arrangement led to more gaps 
appearing in the detection of marker locations. Besides, as introduced in section 5.3.3.1, the 
location of the stair element surface was determined by placing 4 markers at the 4 corners on the 
element, which means the range of stair surface described in Visual 3D was slightly smaller 
(shorter in both width and length by marker diameter) than the real surface. This would not affect 
the camber and slope walking very much as the COP of GRF were not very close to the edge of 
elements’ top surface in most conditions. But for the stair ambulation, especially in descending 
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stairs, even though the subject was requested to make full sole contact with the stair, the COP was 
very close to the edge of the stair element during late stance and the extension of the GRF arrow 
exceeded the stair structure range in Visual 3D in some cases (as shown in Figure 7-3 right). Then 
in the inverse dynamics computing, this was treated as if no external forces were applied to the 
model in the relevant frames. 
 
 
Figure 7-3: Frontal and side views showing a TFA subject descending stair and getting clean single foot 
contacts with both force plates at the same side twice in a trial (left), and the level ground GRF arrow 
exceeding the determined stair surface (right). 
 
Based on the safety of participants, and the quality of data obtained, the obstacle crossing and the 
stair ambulation was removed from the main data collection. The motion capture system was 
adjusted after the pilot test for a larger recording range. 
 
Some issues were found during the pilot test regarding marker placement. During the data 
collection with the conventional amputee subject, because of the rigid socket that contained the 
stump, the location of the greater trochanter on the prosthetic side could not be determined. 
Therefore, the greater trochanter location (required for THIGH marker alignment as described in 
Appendix III) was estimated from the sound side. The knee, ankle and toe markers on the 
prosthetic side could also not be located by anatomical structure. The toe marker positions and the 
ankle marker position on the prosthetic ankle/foot that does not include prosthetic articulation 
were also estimated from the sound side. The knee and ankle markers were placed laterally at the 
rotation axis when there were prosthetic articulations. 
 
Some additional issues were noticed in connection with the subjects’ prostheses and the 
consultation with the prosthetist. Firstly, the rigid socket was fixed with the prosthetic knee unit 
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and it is time consuming to remove the socket from the knee unit and realign them if a full record 
of the segment parameters was expected with the method introduced in section 4.3.2. Secondly, in 
the case of the hydraulic designs (subject TF1’s commonly used prosthetic ankle/foot), the 
hydraulic unit above the articulated ankle, which should be considered as a part of the shank 
segment cannot be detached from the foot. Therefore the segment parameters measured from the 
hydraulic ankles/feet using the hanging method introduced in section 4.3.2 were of limited 
applicability. Accordingly in the main test with the TFAs, as the “foot” part of the hydraulic 
ankles/feet used in this research is the same as fixed ankle/foot (previously mentioned in section 
2.4.3 and detailed constructions are attached in Appendix I), only the parameters of Esprit foot 
were determined using the previously described method and the same parameters were applied to 
the foot segment of the hydraulic ankles/feet. The difference in mass between the hydraulic 
ankles/feet and Esprit foot (about 45% of total hydraulic ankles/feet mass) was added into the 
mass of the shank segment. The mass of the knee unit and the other shank part was estimated 
based the information provided by the manufacturer. The total weight of socket, knee and shank 
prostheses was measured so that the mass of the socket and possible thigh fitting tube could be 
calculated and added to the stump mass as the thigh segment mass. Then the thigh and shank 
segments were modelled as rigid conical frustums with uniform density with calculated segment 
mass based on the consideration of the sensitivity test results given in Section 5.5.3.2. 
 
As obstacle crossing and stair ambulation were excluded from the main test, the relevant 
kinematic and kinetic data collected form the pilot test will not be presented and discussed in the 
following sections. 
7.2.2.3 Spatial–Temporal Parameters 
The mean values of speed, stride width, stride length, cycle time, step length, step time, stance 
time and swing time from the two amputee subjects are summarised in Table 7-2. Taking a 
conservative approach of a difference as being outside a band defined as ± 2 standard deviations 
of the non-amputee group, the average values that exceed the non-amputee band are marked in 
bold font in Table 7-2. For the TFAs, the prosthetic side is normally non-dominant due to the loss 
of function and most non-amputees are right side dominant, so the prosthetic side is compared 
with the left side of control group and the intact side is compared with right side. 
 
Chapter 7.Pilot Gait Study with Conventional and Osseo-integrated Trans-femoral Amputee 
 
145 
Table 7-2: Means (averaged from 5 trials) of spatial–temporal parameters from the conventional TFA 
subject (TF1) and osseo-integrated subject (OI1) in the pilot test. Mean values that outside the non-amputee 
band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
Description Side 
Level ground 
normal speed 
Level ground 
fast speed 
Camber 
prosthetic 
side higher 
Camber 
intact side 
higher 
Ascending 
slope 
Descending 
slope 
TF1 OI1 TF1 OI1 TF1 OI1 TF1 OI1 TF1 OI1 TF1 OI1 
Speed 
(m/s) 
- 1.32 1.27 1.68 1.47 1.37 1.26 1.41 1.28 1.48 1.13 1.33 1.08 
Stride Width 
(m) 
- 0.14 0.10 0.15 0.11 0.16 0.13 0.14 0.12 0.15 0.13 0.15 0.13 
Stride Length 
(m) 
- 1.55 1.45 1.76 1.54 1.56 1.45 1.57 1.48 1.64 1.45 1.49 1.28 
Cycle Time 
(s) 
- 1.17 1.14 1.05 1.05 1.14 1.15 1.11 1.16 1.11 1.28 1.12 1.19 
Step Length 
(m) 
Prosthetic 0.86 0.74 0.94 0.79 0.86 0.73 0.87 0.72 0.90 0.70 0.80 0.64 
Intact 0.70 0.69 0.82 0.75 0.70 0.71 0.71 0.76 0.74 0.75 0.70 0.65 
Step Time 
(s) 
Prosthetic 0.61 0.61 0.55 0.57 0.59 0.62 0.58 0.61 0.57 0.68 0.58 0.63 
Intact 0.57 0.52 0.50 0.48 0.55 0.52 0.53 0.55 0.54 0.60 0.54 0.56 
Stance Time 
(s) 
Prosthetic 0.68 0.64 0.59 0.58 0.67 0.65 0.66 0.66 0.65 0.74 0.66 0.72 
Intact 0.75 0.74 0.64 0.68 0.72 0.75 0.71 0.75 0.69 0.85 0.70 0.78 
Swing Time 
(s) 
Prosthetic 0.47 0.49 0.45 0.46 0.46 0.50 0.46 0.49 0.45 0.53 0.47 0.49 
Intact 0.45 0.41 0.43 0.38 0.43 0.40 0.40 0.42 0.44 0.44 0.42 0.40 
 
 
The subject TF1 walked faster than the average of the non-amputees in all activities and outside 
the upper range of the band in slope ascending. Subject TF1 showed greater stride width during 
level ground normal speed walking and both subjects showed larger stride width in slope 
ascending. Longer stride length can be observed from both subjects, where the subject TF1 
exceed the upper range of the band in all activities and subject OI1 was outside of the band in 
camber walking. In fast speed walking, the amputees needed more time to complete a GC 
compared with the control group. The subject TF1 showed longer step length on the prosthetic 
side in all activities and the subject OI1 exceed the normal band in half of the walking conditions. 
Subject OI1 also showed greater step length on the intact side during camber walking with intact 
side being higher. The differences in step length indicate that the longer stride length was mainly 
contributed by the longer, prosthetic side, step length and probably also partly caused by the faster 
walking speed.  A longer step time was found on the prosthetic side compared with the intact side, 
where both subjects exceeded the band during fast speed walking and subject OI1 also exceeded 
the band in camber walking with the prosthetic side higher and in slope ambulation. Increased 
stance time was noticed on the intact side and a longer swing time was recorded on the prosthetic 
side during about half of the walking conditions. Subject TF1 also showed greater swing time on 
the intact side during fast speed walking. On the intact side, the stance phase takes a greater 
proportion of the GC (about 5% in average among all walking conditions and the two subjects). 
More asymmetry can be observed in the walking patterns compared with non-amputee subjects. 
 
In general, the spatial–temporal parameters suggest different strategies for maintaining speed 
were used by the amputees compared with the non-amputees when walking at a similar speed. 
The amputee subjects showed a longer stride length with more step time for a further placement 
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of the prosthetic foot, while the non-amputees tended to have a higher step rate and comparatively 
shorter stride length. However, these differences could be considered as requirements for using 
the passive prosthetic knees for more efficient maintenance of walking speed with the weakened 
muscles in the residual limb. 
7.2.2.4 Ground Reaction Forces 
The mean curves of the three components of the GRFs recorded from the two subjects during 
level ground normal speed walking, are shown in Figure 7-4. The subject OI1 is represented by a 
solid line and the subject TF1 is represented by a dotted line. The prosthetic side is in blue and the 
intact side is in red. The green lines represent the mean values (± 1 standard deviation shown as a 
green shadow) from the left side of the non-amputee group. The locations of the points of interest 
that were previously discussed in section 6.3.2 are marked based on the non-amputee’s data. The 
curve of GRFs in the other activities differed in a similar way between the pilot amputee subjects 
and the non-amputee group.  
 
 
 
Figure 7-4: Mean curves (averaged from 5 trails) of the (a) anterior-posterior GRFs, (b) medial-lateral 
GRFs, and (c) vertical GRFs measured from the two pilot test subjects during level ground normal speed 
walking. 
 
Compared with the non-amputee group, there was obvious asymmetry in loading between the 
prosthetic side and the intact side of the amputee subjects. In the anterior/posterior forces, the 
magnitudes of peak forces (GRFX1 and GRFX2) on the intact side were greater than on the 
prosthetic side. The maximum posterior forces (GRFX2) from the intact side were about 2 times 
higher than the prosthetic side, which indicates that the prostheses provided relatively limited 
push-off function in late stance. The medial GRF will be removed from the analysis with TFAs’ 
gait as there were less consistent patterns between the two subjects and the two sides of the same 
subject., A smaller peak appears in the vertical forces before the first vertical peak on the sound 
side; probably due to the impact when moving the centre of gravity from the prosthetic side to the 
intact side. Similar to the anterior/posterior force, the intact side showed greater loads at the two 
peaks of the vertical GRF (GRFZ1 and GRFZ2). The prosthetic side reached the first vertical 
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peak (GRFZ1) about 5% to 10% later in the stance phase and 5% to 10% before the second peak 
(GRFZ2). 
 
Considering the differences in the spatial-temporal parameters and GRFs, the amputee subjects 
tend to spend more time in the stance phase and apply more loads on the intact sides while the 
loss of sensory feedback, motor control and functional support on the prosthetic side limits the 
amputees’ confidence to use the prostheses, even for very good amputee walkers. 
7.2.2.5 Pelvic and Lower Joint Angles 
The mean curves of the pelvic and other lower joint angles measured from the two subjects during 
level ground normal speed walking, are given in Figure 7-5 and labelled in the same way as 
Figure 7-4. The curve of the pelvic and other lower joint angles in the other activities differed 
between the subject and the average of non-amputees in a similar way. 
 
Considering the ankle angles, the measured ankle inversion angles of both TFA subjects are lower 
than the non-amputee group during stance. This might be a result of being shod as a similar 
difference was found in the standing posture and according to the sensitivity analysis results in 
Section 5.5.1.2, only the errors in the superior/inferior directions of the metatarsal markers could 
possibly cause nearly 10° difference in the inversion/eversion angles. In the sagittal plane, the two 
prosthetic feet presented a similar trend and ROM in the time curves but with a shift of about 5° 
between them. This is likely to be caused by factors including the difference in the prosthetic 
ankle characteristics, the difference of points that defined as prosthetic ankle rotation axis for 
maker placement, and how the prosthetists fix and adjust the prostheses. On the intact side, when 
there is a continual increase in dorsiflexion during mid-stance (from about 10% to 50% of the 
GC) in the non-amputee group, both amputee subjects showed more plantarflexion. This is 
probably a supplement for the prosthetic side foot clearance as the passive prosthetic ankle 
remained in a neutral position during swing. A similar strategy with relatively much smaller 
change in the trend and magnitude has been observed in very few non-amputee cases during 
obstacle crossing. Subject TF1 showed much more plantarflexion on the intact side in late stance 
and swing, which might be a personal characteristic as a continuing effect from the increased 
plantarflexion in mid-stance. In the transverse plane, the curves from the intact side are more 
similar to non-amputee group, while for the prosthetic side, there is noticeable inter-subject 
difference probably caused by the different prosthetic ankles/feet. The Vari-flex foot used by 
subject OI1 allows some adduction/abduction like the intact foot while the EchelonVT foot used 
by subject TF1 does not support much motion in the transverse plane. Overall, for the same 
subject, there is more ROM on the intact side compared with the prosthetic side in all three of 
planes at ankle joint. 
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Figure 7-5: Mean curves (averaged from 5 trials) of (a) ankle inversion/eversion, (b) ankle 
dorsiflexion/plantarflexion, (c) ankle adduction/abduction, (d) knee flexion/extension, (e) hip 
adduction/abduction, (f) hip flexion/extension, (g) pelvic obliquity, (h) pelvic tilt, and (i) pelvic horizontal 
rotation measured from the two pilot test subjects during level ground normal speed walking. 
 
At the knee joint, the major differences were found on the prosthetic side during early stance as 
the mechanical passive prosthetic knee needed to be fully extended from initial contact until late 
stance to avoid knee collapse. 
 
The hip motion of the amputees in the frontal plane varies between subjects and legs. As the hip 
adduction/abduction showed a link with pelvic motion and stride width, this angle will be 
analysed in the main test with the TFAs. However, it needs to be stated that the peak values 
(HAX2 and HAX3) might take place in different phases even for the two sides of the same subject 
and thus the mean values of the time curve across the whole amputee group provides limited 
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information on the frontal plane hip motion of the amputees. Observation of each individual to 
check if there are consistent differences in the TFA group is required when analysing hip 
adduction/abduction. In the sagittal plane, there is a shift toward hip flexion on subject TF1’s 
prosthetic side from about 15% to 50% of the GC compared to non-amputees. This indicates that 
the subject TF1 tends to slightly bend the body forward during the loading and mid-stance phases 
to keep the centre of gravity forward. This strategy was used by the non-amputees when walking 
faster and when ascending the slope. Subject OI1 showed an increase in hip flexion on the intact 
side in the early stance phase, which was probably caused by the process of moving the weight 
from the prosthetic leg to the sound leg. 
 
In the frontal plane of the pelvis, the two subjects showed a similar trend in obliquity angle but 
this differed from the non-amputees. This could, to some extent, explain the difference in hip 
adduction/abduction between the amputees and non-amputees as the pelvic coordinate systems 
were used as the reference system for the hip joint parameters. For the non-amputees, the pelvis is 
obliquity up at the opposite toe off, while the amputee subjects tend to lift the swing side 
especially when swinging the prosthetic leg. Then the peak values (PAX2 and PAX3) that will be 
analysed in amputee group are in different phases compared with the non-amputees. The points of 
interest in the pelvic obliquity angle were not excluded from the analysis because the ROM can be 
inferred from the peak value. In the sagittal plane, the non-amputees maintained the pelvis in a 
relatively constant angle (ROM less than 5°), but the two amputee subjects exhibited a larger 
ROM. For subject TF1, the higher tilt angle from early stance to the end of mid-stance on the 
prosthetic side verified the assumption of bending the body forward to assist the walking. 
Increased ROM was also observed from the hip horizontal rotation angles in subject OI. The 
pelvic motions in amputees are probably adopted to supplement the lack of muscle strength on the 
prosthetic leg, to enhance the walking capability. 
 
Based on the data recorded from the two pilot test subjects, the following points of interest in joint 
angles were excluded in data analysis of the main amputee group due to the absence of relevant 
features: 
1. Prosthetic side minimum swing dorsiflexion (AAY4) and relevant SI; 
2. Prosthetic side maximum swing dorsiflexion (AAY5) and relevant SI; 
3. Prosthetic side maximum ankle stance abduction (AAZ2); 
4. Prosthetic side maximum ankle adduction (AAZ3); 
5. Prosthetic side early stance knee maximum flexion (KAY2); 
6. Prosthetic side maximum stance extension (KAY3). 
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7.2.2.6 Joint Moments 
The mean curves of the lower joint moments computed from the two subjects during level ground 
normal speed walking are shown in Figure 7-6 and labelled in the same way as Figure 7-4. The 
curve of the pelvic and other lower joint angles in other activities varied in a similar way between 
the same subject and the average of the non-amputees. 
 
 
 
Figure 7-6: Mean curves (averaged from 5 trials) of the moments in (a) ankle frontal plane, (b) ankle 
sagittal plane, (c) ankle transverse plane, (d) knee sagittal plane, (e) hip frontal plane, and (f) hip transverse 
plane calculated from the two pilot test subjects during level ground normal speed walking. 
 
At the ankle joint, obvious asymmetry between the maximum evertor (AMX1) can be noticed. In 
the sagittal plane there was an additional peak (AMY0 in Figure 7-6) in plantarflexor before the 
maximum values (AMY1). This change could be considered as a response to the increased 
plantarflexion that has been noticed at the intact ankle during mid-stance. This additional 
plantarflexion peak has also been reported from some TFAs in level ground normal walking cases 
(Winter, 1980) but is more obvious in this TFA pilot test. The transverse plane moments vary in 
trend and magnitude between the two sides and different prostheses. On the intact side the 
maximum abductor (AMZ1) took place between 15% and 20% of the GC, while in the non-
amputee group it appears at about 40% of the GC. On the prosthetic side, the curves differed due 
to the different prosthetic ankles/feet that were used.  
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At the knee joint, significantly asymmetry of the abductor peak values can be noticed between the 
intact leg and the prosthetic leg and there were greater abductor moments on the sound side. 
Except for the intact leg of subject TF1, the early stance external rotator moment peak 
(KMY1)values  were close to zero . As discussed in section 3.3.1, a small magnitude in the 
absolute value might generate an extremely large SI that affects the reliability of the results 
presented for a group. This suggests excluding the analysis of the SI of the early stance extensor 
moment peak (KMY1). Greater stance and swing flexor peaks (KMY2 and KMY3) are shown 
from the intact side. 
 
At the hip joint, there were smaller abductor moments during stance than with the non-amputees 
and the trend of the two abductor peaks (HMX1 and HMX2) on the prosthetic side were not as 
clear as the non-amputee group. The maximum swing adductor moment (HMX3) on the 
prosthetic side was not the same as on the intact side for the amputees or for the non-amputees. In 
the sagittal plane moment, there was a shift towards a greater extensor moment throughout the 
loading response and mid-stance phases except on the prosthetic side of subject OI1. The same 
change has been observed in the non-amputee fast walking condition and, as both subjects walked 
faster than the average of non-amputee group, this could simply be a result of the walking speed. 
The subject OI1 had a much short residual limb compared with subject TF1, which could explain 
the lower extensor moment on the prosthetic side. A smaller magnitude of the maximum swing 
extensor (HMY3) was seen on the prosthetic side. According to the sensitivity analysis results in 
section 5.5.3.2, this is probably caused by the lighter weight of the prostheses.  
 
Based on the data recorded from the two pilot test subjects, the following variables were excluded 
in the data analysis of the amputee group due to the omission of relevant features and the high 
possibility of producing extremely large SI values: 
1. SI at maximum extensor moment (KMY1); 
2. Prosthetic side maximum late swing abductor (HMX3); 
7.2.2.7 Forces and Moments Applied to the Abutment of Osseo-Integrated 
Subject 
Although the load cell data acquisition system and the motion capture system was controlled by 
the same trigger, the data recorded by the load cell was 7 frames later than the GRF (also recorded 
at 240 Hz) recorded in motion capture system and this time difference was corrected during load 
cell data processing in Matlab. The mean forces and moments applied to the abutment from the 
osseo-patient during level ground normal and fast speed walking, camber walking and slope 
ambulation are shown in Figure 7-7 with the points of interest marked. 
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 (a) (b) (c)  
 
 (d) (e) (f)  
 
Figure 7-7: Mean curves of forces and moments (normalised by body weight) applied to the abutment 
measured by load cell from subject OI1 in pilot test. (a) anterior-posterior forces; (b) lateral-medial forces; 
(c) compression-tension forces; (d) moments about anterior-posterior axis; (e) moments about lateral-medial 
axis; (f) moments about long axis. 
 
Comparing with the mean curves of the loads recorded by the same model of load sensor from 12 
osseo-integrated subjects in a previous study (as shown in Figure 7-8) that was carried out in a 
level ground normal speed walking condition (Lee et al., 2008), the subject OI1 generally showed 
similar a pattern to most of the osseo-patients. The points of interest in the forces and moments 
that applied to the abutment are selected based on the data observed from the subject OI1 and 
previous study (Lee et al., 2008, Lee et al., 2007). All points of interest are in stance phase and the 
definitions are given in Table 7-3. When performing different activities, the overall trend of the 
load curves remained but the magnitudes and timing of the points of interest changed. Most 
differences appeared in ascending and descending slope while the other activities showed 
relatively less affects.  
 
Table 7-3: Definitions of points of interest in forces and moments that applied to the abutment measured by 
load cell from osseo-integrated TFA. 
Point Definition Point Definition 
FX1 Maximum posterior force MX1 Maximum lateral rotation moment 
FX2 Maximum anterior force MY1 Maximum anterior rotation moment 
FY1 Maximum lateral force MY2 Maximum posterior rotation moment 
FZ1 First compression force peak   
FZ2 Second compression force peak   
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Figure 7-8: Mean values of forces and moments applied to the abutment measured from 12 osseo-patients 
with JR3 transducer reported by Lee et al. (2008). 
 
The coordinate system of the load cell was not parallel with the thigh segment coordinate system 
defined in the biomechanical model due to the geometry of skeleton (as showed in Figure 7-9). 
Therefore the loads detected by the load cell cannot be directly compared or linked with those 
computed using inverse dynamics results. 
 
 
Figure 7-9: Sketch of the relative positions and directions of the load cell coordinate system and the thigh 
coordinate system in a front view. 
7.3 Second Pilot Test 
The osseo-integrated subject that participated in the first pilot test was the only osseo-patient 
recruited for this research. One patient is insufficient to represent the gait of a specific group and 
allow a statistical comparison between different prostheses. Therefore the patient was considered 
as a second pilot test of the hydraulic ankle/foot (EchelonVT) and to help validate the modelling 
method used in this study. The objectives of the second pilot test are summarised as follows: 
1. Record the time needed for prosthetic component fitting and practise; 
All patients certainly need time to get used to new prosthetic components even for the 
experienced prostheses users. However, there is not a unified agreement on the length of the time. 
The fitting time of a new prosthetic ankle-foot device ranged from several minutes to 4 weeks in 
previous prosthetic ankle/feet studies. Since the sensitivity analysis results suggest finishing all 
tests with one subject in one day to reduce the errors caused by marker displacement (discussed in 
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Section 5.5.1.2), it is important to check if an experienced TFA could achieve smooth and 
confident gait with a different type of ankle-foot device in a relatively short period of time. 
2. Validate the kinetics computed using conventional inverse dynamics method. 
The issues of applying conventional inverse dynamics assumptions to prostheses have been raised 
in some papers. So far there is still not a novel method to improve or replace the conventional 
method when the joint moments are computed. Therefore it is essential to understand the 
reliability of calculated joint moments from TFAs with prostheses using conventional inverse 
dynamics method. 
7.3.1 Method 
One prosthetist from Queen Mary’s Hospital and another prosthetist from Blatchford (Chas. A. 
Blatchford & Sons Ltd) were involved in the second pilot test to assist with the fitting of 
EchelonVT foot and JR3 load cell. The EchelonVT foot was chosen for the osseo-integrated 
subject instead of the Echelon foot as the additional peak stress value reduction at the ankle may 
help to reduce the stress applied to the abutment. 
7.3.1.1 Protocal 
The subject was asked to change into shorts and wear his commonly used shoes. The JR3 load 
cell and the EchelonVT foot were fitted by two prosthetists. The alignment of the prostheses was 
agreed by both the prosthetists and based on the best comfortable experience of the subject. The 
subject was given time to practise walking inside the laboratory until he felt safe and confident 
with the new adjusted prostheses. Anthropometric data was then measured, and markers were 
placed and aligned as for the first pilot test except for the prosthetic side thigh wand marker. 
Three short base markers were placed on the load cell aligned with the two directions of x axis 
and the negative direction of y axis of the local coordinate system. The subject was then asked to 
stand with the foot template as shown in Figure 7-10 and a 10-second standing posture was 
recorded. The subject then stood with the foot template without moving. Two markers on the load 
cell, the one in the negative x axis direction (conflict with cable connector) and the one in the 
negative y axis direction (conflict with prosthetic side thigh wand marker), were removed and the 
RTHIGH marker was placed and aligned. Another 10-second standing posture was recorded and 
the two standing captures were later used to align the coordinate system of the load cell with the 
local coordinate system of thigh segment (the reference coordinate system for knee forces and 
moments in the inverse dynamics approach). The cable of the load cell was then connected and 
the subject followed a similar pattern as the first pilot test to perform different activities but with 
obstacle crossing and stair ambulation excluded.  
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Figure 7-10: The osseo-integrated TFA subject standing with the foot template and three markers placed on 
the load cell instead of thigh wand marker. 
 
7.3.1.2 Data Processing 
The data from level ground normal speed walking (5 trails) was processed for comparing the 
directly measured internal kinetics with the inverse dynamics results. The modelling method used 
in the first pilot test was applied with the adjustments is described in Section 7.2.2.2. The 
calculated knee forces and moments were used to compare with load cell data as they were 
mechanically close to load cell location. The knee forces and moments at the prosthetic side were 
time normalised into 101 point over a gait cycle. 
 
The analogue data recorded from the load cell was firstly processed in Matlab to calculate the 
original measured forces and moments. A 7 frames shift as found in the first pilot test (discussed 
in Section 7.2.2.7) was applied to the original measured forces and moments to synchronise the 
timing of the load cell data with the GRF. The processed load cell data was exported into Visual 
3D and integrated with the corresponding walking trials. The measured forces and moments were 
then also time normalised into 101 points over a gait cycle based on the corresponding kinematic 
data. 
 
Because the load cell is mounted onto the abutment, it is considered that there was no relative 
movement between the anatomical structure of the residual limb and load cell. The Euler angles 
for rotating the load cell coordinate system so that it is aligned with thigh segment coordinate 
system were computed from the mean kinematic data in two standing captures using Matlab. The 
101 points of time normalised forces/moments data was import into Matlab and each group of 
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forces/moments data (at same time point) was transferred from the load cell coordinate system to 
the thigh SCS. The root mean square errors between the aligned load cell data and inverse 
dynamics results was calculated during stance and swing phase. 
7.3.2 Results and Discussion 
The purposes of the second pilot test were to check if an active prostheses user could adapt to a 
new type of prosthetic ankle-foot device in a relative short period of time and to validate the 
conventional inverse dynamics modelling method used in this research with amputees. The 
discussion will be focused on observable issue with prostheses fitting, and comparison between 
the calculated forces and moments and the directly measured data from the load cell. 
7.3.2.1 Issues Recorded in Second Pilot Data Collection and Processing 
The subject OI1 had never used any hydraulic type ankle-foot device before the test. After about 
10 minutes practise with the new prosthetic foot, the subject achieved a smooth walking on indoor 
level ground condition. The subject felt confident to start the walking section of the test after 
about 15 minutes practise. The subject showed no observable walking issues in all tested walking 
conditions, including level ground normal and fast speed walking, camber walking from two 
directions, and slope ambulation.  
 
In the calculation of Euler angles between the load cell coordinate frame and the residual thigh 
SCS, it was assumed that the subject had not moved or changed posture between the two standing 
captures. However, it would be reasonable to assume that the subject had made minor movements. 
The results show that were no more than 5mm differences in the mean position of estimated hip 
joint centre (calculated from ASIS and SACRUM marker position) and RKNEE marker between 
two standing trails. Some other errors could also have been introduced in the calculation of Euler 
angles. The load cell did not have any marks given by the manufacturer for showing the axis of 
local coordinate system on the outer shell. The x and y axis were determined by the researcher 
based on the hole structures at the robot side and tool side of the load cell. Besides, the markers 
for showing the x and y axis directions were also placed by hand. 
 
The load cell accessories and fitting tube were created to allow monitoring of the loads applied to 
the abutment rather than the knee. Therefore the load cell could not be mounted at a location that 
was close to the prosthetic knee joint. However, in another similar test that compared direct 
measurements with inverse dynamics results, the load cell was attached next to the knee joint such 
that the distance between the measuring centre of the load cell and knee joint centre was 
considered negligible (Dumas et al., 2009). In this test, the distance was about 15 cm, however the 
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fitting tube between load cell and prosthetic knee joint is very light in weight compared with the 
entire thigh segment. 
7.3.2.2 Comparison of Forces and Moments between Estimation and Direct 
Measurement 
Figure 7-11 shows the time curves of calculated prosthetic knee forces and moments using the 
inverse dynamics approach and the forces and moments measured by the load cell in one of the 
level ground self-selected normal speed walking trials. Similar results were obtained from the 
other 4 trails. The root mean square errors between the aligned load cell data and inverse 
dynamics results in the stance and swing phases are summarised in Table 7-4. Dumas et al. 
(Dumas et al., 2009) carried out a very similar test with a conventional TFA (female, 36 years old, 
1.6 m, 62.6kg) and compared the direct measured knee loads to the computed knee kinetics with 
three different modelling methods. One of the methods that modelled the prosthetic leg as three 
segments (thigh, shank and foot) is the same as the one used in this research and relevant results 
are given in Table 7-4. 
 
 
 (a) (b) (c)  
 
 (d) (e) (f)  
 
Figure 7-11: Mean curves of estimated prosthetic knee forces and moments and the direct measurements 
from load cell (original and after alignment) in a representative walking trail of subject OI1. (a) anterior-
posterior forces; (b) lateral-medial forces; (c) compression-tension forces; (d) moments about anterior-
posterior axis; (e) moments about lateral-medial axis; (f) moments about long axis. 
 
As showed in Figure 7-11, except for the compression-traction forces, the original load cell data 
was much different in both general shape and magnitudes compared with estimated knee loads. 
This is because of the angles between the load cell local coordinate system and thigh SCS as 
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previously discussed at the end of Section 7.2.2.7. After alignment of the load cell coordinate 
frame with the thigh SCS, except for the adduction-abduction moment, the pattern of the directly 
measured forces and moments is more close to the estimated results. In the forces, more 
differences in anterior-posterior and lateral-medial direction were found during the first 25% of 
GC. In this period, the forces in these two directions were of relatively low magnitudes close to 
zero and the influence of cross-talk from compression forces (introduced by errors in Euler 
angles) and possible offsets errors (discussed at the end of Section 5.2.4) were arguably greater. 
Major differences were noticed from the adduction-abduction moment. Since all other forces and 
moments showed similar patterns between the estimated and direct measured results, it was 
unlikely that this is caused by the errors in calculated Euler angles. A malfunction of this channel 
(My+) is more likely, based on the evidence from the static calibration of the JR3 load cell; it was 
also the channel showed much greater error than others (Section 5.2.3, Table 5-1). The dynamic 
measurement condition may increase this error during the data collection.  
 
Table 7-4: Root Mean Squared Errors (5 trails) between the estimated prosthetic knee forces and moments 
and the aligned direct measurements from the load cell during support and swing phase in level ground self-
selected normal speed walking. The results from a similar test are also given (Dumas et al., 2009). 
Phase Parameter Direction Subject OI1 From Dumas et al. 
Stance Forces (N) Anterior-Posterior 40 11 
  Lateral-Medial 9 7 
  Compression-Traction 52 26 
 Moment (Nm) Extension-Flexion 2 3 
  Adduction-Abduction 18 2 
  Internal-External Rotation 1 1 
Swing Forces (N) Anterior-Posterior 17 8 
  Lateral-Medial 5 7 
  Compression-Traction 17 56 
 Moment (Nm) Extension-Flexion 1 4 
  Adduction-Abduction 6 2 
  Internal-External Rotation 1 1 
 
Comparing the root mean squared errors reported by Dumas et al. (2009), there are greater errors 
in forces except for the compression-traction forces during the swing phase. However, it needs to 
be noted that the patient in Dumas’ study is a 62.6kg female and the subject OI1 is a 93kg male. 
The data from both tests are not normalised by body weight. Besides, as mentioned in Section 
7.3.2.1, the devices of this study is not ideal for performing this kind of test and the errors is 
increased with the distance between the measurement centre and knee joint. The greater error in 
swing compression-traction forces in Dumas’ study is caused by the impact of knee limit stop at 
terminal swing, which is not found with subject OI1. Except for the adduction-abduction moment, 
the errors in both stance and swing phases were the same or less than the previous study. 
 
Overall, although a greater error was found in the knee forces compared with previous study, the 
maximum root mean squared errors between computing and direct measurement were relatively 
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small in forces (52 N or 5.7% of BW) and moments (2 Nm) except for the probably problematic 
moment channel. For this research, only the joint moment will be used in the assessment of 
prosthetic ankles/feet. So far, to the researcher’s knowledge, there is not a well-established way to 
enable a more accurate estimation of joint moment calculation with amputees using inverse 
dynamics approach. 
7.4 Summary 
This chapter described the two pilot tests with one conventional TFA and one osseo-integrated 
TFA to check the data collection protocol for amputees and validate the modelling method used in 
this research. As both subjects showed more difficulties with stair ambulation and obstacle 
crossing, considering the safety of subject and quality of obtained data, these two activities were 
removed from the main data collection. There were adjustments in marker placement (the 
locations of the prosthetic side greater trochanter, ankle, 1
st
 and 5
th
 metatarsals were estimated to 
be the same as the intact side when the anatomical or mechanical structures could not be detected 
or did not exist) and the biomechanical modelling as a response to the issues recorded in the pilot 
test as discussed in Section 7.2.2.2). Both subjects presented similar features in level ground self-
selected speed walking as previously reported for TFAs and as illustrated above and summarised 
in detail in section 3.4.1. Some variables were removed from the subsequent analysis due to the 
lack of feature points or the high possibility of producing extremely large (and erroneous) SI 
values. The study with the osseo-integrated subject was considered as another pilot test due to a 
limited number of subjects. It was found the good prostheses user could get used to a new type of 
prosthetic ankle-foot device in about 15 minutes and smoothly undertake all walking conditions to 
be tested in this study. An acceptable level of error was found between the computed knee loads 
and directly measured load from a load cell.  
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Chapter 8 
8 Main Gait Study with Conventional 
Amputees 
8.1 Introduction 
This chapter reports the main test that has been carried out with the conventional TFA group.  
Three models of prosthetic ankles/feet, the Echelon, Esprit, and Elan, were tested with five TFAs 
and the gait of subjects were recorded in level ground normal/fast speed walking, camber 
ambulation from two directions, and ascending/descending slope. The (1) spatial-temporal 
parameters, (2) pelvic and lower joint angles, (3) lower joint moments, (4) SI of the spatial-
temporal parameters and points of interest in kinematic and kinetic curves, (5) TSI of the patterns 
of variables at two sides, (6) RAR of the joint angles and (7) subject questionnaires rating 
regarding the experience of using the three model of prosthetic ankles/feet are reported. This is 
followed by discussion on: the differences in the gait data for the three prosthetic ankles/feet; 
strategies that the TFAs use to adapt to different walking conditions; some considerations on the 
evaluation of prosthetic ankles/feet. 
8.2 Objectives 
The objectives of the main test with conventional TFAs can be summarised as: 
1. Investigate the effects of hydraulic prosthetic ankles/feet compared with fixed ankles/feet 
when ambulating over different terrains. 
In previous studies, the comparison between hydraulic prosthetic ankles/feet and fixed 
ankles/feet were only carried out on level ground walking conditions (De Asha et al., 2013a, 
De Asha et al., 2014, De Asha et al., 2013b). In this study, the tests were performed on 
camber and slopes in addition to level ground walking. 
2. Investigate the effects of the changes in ROM and resistance setting of hydraulic prosthetic 
ankles during slope ambulation; 
The Elan foot allows real-time adjustments on the dorsiflexion and plantarflexion angles and 
resistance via Bluetooth connection with an app in mobile. Therefore, the prostheses user 
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could change the ROM to adapt to the inclined ground conditions without helps from 
prosthetist. 
3. Given the data above, review the strategies the active TFAs use to adapt to different walking 
conditions. 
Due to the loss of the biological knee and ankle and the limitations in current commercial 
prostheses, the strategies of TFAs to adapt to different walking conditions can be very 
different from non-amputees. The study of active good prostheses users is helpful to assist 
the rehabilitation and training of TFAs. 
 
As described in chapter 1, the null hypothesis of this research was that the symmetry of the gait of 
unilateral TFAs will not be improved when the hydraulic articular prosthetic ankles/feet (Echelon 
and Elan) are used compared with fixed ankles/feet (Esprit) and the second hypothesis was that 
the use of a hydraulic articular prosthetic ankle/foot with real time control of the joint stiffness 
(Elan) would provide improved adaption to the slope conditions compared with a fixed setting 
hydraulic prosthetic ankle/foot (Echelon). The TSI of sagittal plane ankle moment was the 
primary outcome measure and the secondary outcome measures included spatial-temporal 
parameters, the pattern and extracted points of interests in GRFs, pelvic and lower joint angles, 
and joint moments, the SI of the selected point of interest, the TSI of the kinematic and kinetic 
patterns, the RAR of the pelvis and lower joint angles, and the subjective rating in questionnaire. 
8.3 Method 
The same selection criterion as used for the pilot test was used for the recruitment of the main 
data collection subjects. There were five male conventional unilateral TFAs accepted the 
invitation and attended a four hour experiment at the University of Surrey Gait Laboratory on 
separated days. Two experienced prosthetists from Blatchford (Chas. A. Blatchford & Sons Ltd) 
were invested to the tests to assist with the change and fitting of different prosthetic ankles/feet. 
8.3.1 Protocol 
On the experiment day, the subject was asked to change into shorts and the shoes that they 
normally use. The first prosthetic ankle/foot (either Esprit or Echelon) that differed most from 
each subject’s commonly used prosthetic ankle/foot was attached to their prosthetic limb by the 
prosthetist.  The segment parameters of the prostheses and shoes were measured and recorded at 
the same time. The optimisation of alignment and adjustment of the prostheses was agreed by 
both the prosthetist and the subject for the best comfortable experience. Each subject was given at 
least 10 minutes to practise walking in the laboratory until he felt confident to start the data 
collection.  Anthropometric parameters were then measured with the first prosthetic ankle/foot 
Chapter 8.Main Gait Study with Conventional Amputees 
 
162 
fixed as well as the parameters of the residual limb. The modified Helen Hayes marker set that 
was introduced in Chapter 4 (Section 4.2.2) was then applied to the subject. 
 
Then subject was asked to perform level ground self-selected normal speed walking, level ground 
self-selected fast speed walking, camber walking from two directions, ascending and descending 
slope and answer group A questions in the questionnaire after finish relevant walking test. The 
information and details of questionnaire can be found in Chapter 3 (Section 3.5.1).  Subjects was 
given sufficient time to practise making clean single foot contact with each force plate before each 
activity was recorded and were encouraged to rest between the different walking condition tests. 5 
successful trials (contain whole GCs with complete kinematic data and ‘clean’ single foot contact 
with each FP) in each activity were recorded and after all activities been measured, the subject 
was asked to finish the group B questions in the questionnaire regarding the overall experience of 
using the first prosthetic ankle/foot. The Prosthetist then attached and adjusted the Elan foot for 
the subject and the subject performed ascending and descending slope after another period of 
practise. After that, the prosthetist attached the third prosthetic ankle/foot and a test programme as 
that for the first prosthetic ankle/foot was carried out following the test in sequence of ascending 
and descending slope, level ground normal speed walking, level ground fast speed walking, and 
camber walking from two directions. The sequence of tests in different walking conditions was 
adjusted for the consideration on data collection efficiency. A detailed data collection protocol for 
the main data collection from amputee group is attached in Appendix XVIII. 
8.3.2 Data Processing 
The data processing was the same as for the second pilot test. There was individual matched 
biomechanical model for each subject with each prosthetic ankle/foot. 
 
Significant differences in the three different prosthetic ankles/feet (Factor F) and different 
walking conditions (Factor C, comparison was done between level ground normal speed walking 
and each of other walking conditions separately) were determined by two-way repeated measures 
ANOVA with post-hoc Tukey tests. The subject questionnaire result was analysed by one-way 
ANOVA with post-hoc Tukey tests to investigate the difference between prosthetic ankles/feet 
when doing the same activity. The level of significant was set at p=0.05. Statistical analysis was 
not performed when comparing conventional TFAs with non-amputees because (1) the limited 
number of conventional TFA subjects is considered to be insufficient to represent a group of 
patients, (2) there was an additional difference, barefoot and shod, between the non-amputee 
group and conventional TFA group, and (3) the limitations of the subjects’ conditions (ages and 
genders) in normative database that previously discussed in Section 6.5.3. A conservative 
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approach was applied to compare non-amputees and TFAs in this research, which was taking ± 2 
standard deviations of the non-amputee group as the band of “normal” range. 
 
A favourable ethical opinion from the NHS Ethics Committee was granted. The ethical approval 
letters and Participant Information Sheet for the TFA group are attached in Appendix XVI and 
Appendix XVII respectively. The Participant Information Sheet was sent to the subjects prior to 
the experiment day. An explanation on the exclusion of obstacle crossing and stair ambulation 
that mentioned in the Participant Information Sheet was noticed by subjects and consents were 
received from the subjects before the tests started. 
8.4 Results of Conventional Trans-Femoral Amputees 
One subject (subject ID: TF4) fell down in a trial of level ground normal speed walking with the 
first fitted prosthetic ankle. The subject was not injured but for safety consideration, he was not 
asked to perform level ground fast speed walking. Another subject (subject ID: TF2) had 
difficulties in getting clean single foot contacts with both force plates due to the large stride width 
in all tested walking conditions. Although the subject could deliberately do a narrower stride 
width walking that allows clean single foot contacts at both sides, as a “common” and “comfort” 
walking condition was expected, he was asked to get clean single foot contacts only at the 
prosthetic side instead in all walking conditions. 
 
Significant interaction between different prosthetic ankles/feet and activities was found in a very 
limited number of parameters. Therefore the significant interaction will be described only in text 
while the significant differences determined to be caused by a single factor, either between 
prostheses (Factor F) or between activities (Factor C), will be marked in tables in addition to 
statement in the text. 
8.4.1 Subject Information 
A summary of the information and anthropometric data of the amputee subjects is provided in 
Table 8-1 and the details of the subjects’ commonly used prostheses is given in Table 8-2. The 
body mass index of the conventional amputee group was 32 ± 5 with the Esprit foot fitted. Two 
experienced prosthetists from Blatchford (Chas. A. Blatchford & Sons Ltd) were involved in the 
tests to assist with the change and fitting of the prosthetic ankles/feet.  
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Table 8-1: Information and anthropometric data of five conventional amputee subjects. 
Subject ID Prosthetic Side 
Age 
(years) 
Weight* 
(kg) 
Height 
(m) 
Residual limb 
length (m) 
Years of using 
prostheses 
TF1 R 27 81 1.81 0.55 13 
TF2 L 65 115 1.82 0.38 22 
TF3 R 36 113 1.85 0.42 4 
TF4 R 57 123 1.84 0.42 28 
TF5 L 27 105 1.84 0.47 5 
Average 42 107 1.83 0.45 14 
Standard Deviation 17 16 0.02 0.06 11 
* Include the weight of prostheses with the Esprit foot 
 
Table 8-2: Amputee subjects’ commonly used prostheses. 
ID Socket 
Prosthetic Knee Prosthetic Ankles/Feet 
Brand Model Brand Model 
TF1 Carbon outer and pelite inner Endolite KX06 Endolite EchelonVT 
TF2 Suction with ossur seal in liner Endolite KX06 Endolite Elan 
TF3 Sealin suction socket Endolite Linx Endolite Linx 
TF4 Sealin suction socket. Ischial containment Endolite ESK smart IP Endolite Elan 
TF5 Suction with ossur seal in liner Endolite Linx Endolite Linx 
8.4.2 Spatial–Temporal Parameters 
The mean values (standard deviations) of speed, stride width, stride length, cycle time, step 
length, step time, stance time and swing time for the conventional TFA group are given in Table 
8-3. Taking a conservative approach of a difference as being outside a band defined as ± 2 
standard deviations of the non-amputee group, the parameters values that are outside the non-
amputee band are marked in red colour and bold font in Table 8-3. The prosthetic side is 
compared with the left side of control group and the intact side is compared with right side. 
 
Compared to the non-amputee (control group), in general the amputee subjects walked at similar 
speed in all tested walking conditions, which might be expected from active prosthetic walkers. 
Compared with the control group, there were increased stride width in all activities and longer 
cycle time during level ground walking conditions, camber walking with intact side higher, and 
ascending slope. At the prosthetic side, there were longer step lengths, step times and swing times 
and at the intact side, an increased stance time was also found. During fast speed walking, a 
longer stance time was found at the prosthetic side as well and when walking on the camber with 
the intact side higher, a longer step time at the intact side was found. 
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Table 8-3: Means and standard deviations of spatial–temporal parameters in the conventional amputee group (n=5, 20 cycles in level ground fast walking, 25 cycles in other 
activities) with highlights and marks representing ANOVA results and comparison with normative band. 
Parameter Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
Speed 
(m/s) 
- 
1.13 
(0.19) 
1.10 
(0.13) 
1.48 
(0.13) 
1.42 
(0.15) 
1.21 
(0.15) 
1.17 
(0.18) 
1.16 
(0.15) 
1.14 
(0.18) 
1.08 
(0.16) 
1.08 
(0.20) 
1.08 
(0.16) 
1.11 
(0.11) 
1.10 
(0.10) 
1.07 
(0.08) 
Stride 
Width (m) 
- 
0.19 
(0.04) 
0.17 
(0.02) 
0.19 
(0.04) 
0.18 
(0.02) 
0.19 
(0.04) 
0.19 
(0.03) 
0.19 
(0.04) 
0.18 
(0.03) 
0.19* 
(0.04) 
0.18* 
(0.05) 
0.19* 
(0.03) 
0.21 
(0.05) 
0.21 
(0.04) 
0.19 
(0.05) 
Stride 
Length (m) 
- 
1.41 
(0.10) 
1.39 
(0.08) 
1.58 
(0.13) 
1.52 
(0.09) 
1.45 
(0.13) 
1.40 
(0.11) 
1.42 
(0.14) 
1.38 
(0.10) 
1.41 
(0.07) 
1.39 
(0.10) 
1.41 
(0.09) 
1.34 
(0.11) 
1.31 
(0.09) 
1.31 
(0.09) 
Cycle 
Time (s) 
- 
1.27 
(0.18) 
1.30 
(0.10) 
1.08 
(0.12) 
1.07 
(0.07) 
1.21 
(0.17) 
1.21 
(0.14) 
1.24 
(0.17) 
1.22 
(0.14) 
1.33 
(0.19) 
1.31 
(0.20) 
1.32 
(0.19) 
1.20 
(0.10) 
1.18 
(0.08) 
1.22 
(0.12) 
Step 
Length (m) 
Prosthetic 
0.77 
(0.07) 
0.76 
(0.05) 
0.83 
(0.07) 
0.81 
(0.06) 
0.80 
(0.10) 
0.77 
(0.07) 
0.76 
(0.10) 
0.72 
(0.07) 
0.78 
(0.04) 
0.74 
(0.06) 
0.75 
(0.06) 
0.72 
(0.07) 
0.67 
(0.04) 
0.70 
(0.08) 
Intact 
0.64 
(0.04) 
0.64 
(0.04) 
0.75 
(0.07) 
0.71 
(0.06) 
0.65 
(0.03) 
0.63 
(0.05) 
0.73 
(0.11) 
0.71 
(0.05) 
0.63 
(0.03) 
0.65 
(0.05) 
0.65 
(0.03) 
0.62 
(0.06) 
0.64 
(0.07) 
0.63 
(0.05) 
Step Time 
(s) 
Prosthetic 
0.69 
(0.09) 
0.68 
(0.06) 
0.58 
(0.06) 
0.58 
(0.04) 
0.65 
(0.08) 
0.65 
(0.07) 
0.67 
(0.09) 
0.66 
(0.07) 
0.72 
(0.10) 
0.70 
(0.11) 
0.71 
(0.09) 
0.65 
(0.05) 
0.63 
(0.04) 
0.65 
(0.06) 
Intact 
0.59 
(0.09) 
0.59 
(0.06) 
0.50 
(0.07) 
0.50 
(0.03) 
0.56 
(0.08) 
0.56 
(0.07) 
0.66 
(0.09) 
0.63 
(0.09) 
0.61 
(0.10) 
0.61 
(0.10) 
0.61 
(0.11) 
0.56 
(0.05) 
0.57 
(0.05) 
0.57 
(0.06) 
Stance 
Time (s) 
Prosthetic 
0.74 
(0.17) 
0.76 
(0.09) 
0.61 
(0.08) 
0.62 
(0.05) 
0.72 
(0.11) 
0.72 
(0.11) 
0.73 
(0.12) 
0.73 
(0.11) 
0.81 
(0.15) 
0.80 
(0.14) 
0.80 
(0.16) 
0.69 
(0.07) 
0.69 
(0.08) 
0.71 
(0.09) 
Intact 
0.84 
(0.15) 
0.85 
(0.09) 
0.69 
(0.07) 
0.68 
(0.08) 
0.79 
(0.11) 
0.81 
(0.10) 
0.84 
(0.12) 
0.82 
(0.14) 
0.89 
(0.15) 
0.88 
(0.17) 
0.89 
(0.15) 
0.78 
(0.08) 
0.76 
(0.08) 
0.80 
(0.08) 
Swing 
Time (s) 
Prosthetic 
0.52 
(0.03) 
0.51 
(0.02) 
0.47 
(0.05) 
0.46 
(0.03) 
0.50 
(0.06) 
0.50 
(0.03) 
0.50 
(0.06) 
0.49 
(0.03) 
0.52 
(0.05) 
0.51 
(0.05) 
0.51 
(0.05) 
0.51 
(0.03) 
0.49 
(0.03) 
0.51 
(0.04) 
Intact 
0.42 
(0.03) 
0.42 
(0.03) 
0.39 
(0.05) 
0.37 
(0.02) 
0.42 
(0.06) 
0.40 
(0.05) 
0.50 
(0.07) 
0.46 
(0.06) 
0.43 
(0.04) 
0.44 
(0.04) 
0.43 
(0.04) 
0.41 
(0.03) 
0.41 
(0.03) 
0.41 
(0.03) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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When comparing other activities with level ground normal speed walking, according to the 
statistical analysis results, the changes in TFAs with increased walking speed were found to be 
similar as the non-amputees at both sides. During camber ambulation, significantly reduced step 
time at the prosthetic side was noticed when the prosthetic side was higher and there were 
significantly increased step length and swing time when the intact side was higher. In ascending 
slope, the step time and stance time of both sides increased, but the swing time is only 
significantly greater at the intact side. There is significantly increased stride width during 
descending slope while the stride length, cycle time and the step length at the prosthetic side and 
the stance time at both sides all reduced. 
 
When comparing different prosthetic ankles/feet, in average, the subjects walked slightly faster 
with greater stride length when the Echelon foot was fitted, but not at a statistically significant 
level. Significant difference was only found in stride width when comparing the level ground 
normal speed walking together with ascending slope, where the post-hoc test results show the 
stride width was shorter when wearing Esprit compared with Elan (p=0.02). There was no 
significant difference between Echelon and Elan found in spatial-temporal parameters. 
8.4.3 Ground Reaction Forces 
As the Elan foot was only tested in slope ambulation, the graphs of the GRFs in slope ambulation 
at the prosthetic side are presented as an example to show the differences when using different 
prosthetic ankles/feet. The mean curves at the left side of non-amputee group are used to 
demonstrate the normative patterns. The intact side of conventional TFAs showed more similarity 
as non-amputees with some features that have been noticed in pilot test. The graphs of the GRFs 
for the other activities and intact side are given in Appendix XIX. The mean values and standard 
deviations of points of interest are provided in tables and the timing differences are described in 
text when TFAs showed a very different pattern compared with non-amputees.  
 
The mean curves of anterior/posterior and vertical GRFs during slope ambulation for the 
conventional TFA group at the prosthetic side and non-amputee group at the left side, are 
presented in Figure 8-1 with the key points of interest marked. The means and standard deviations 
of the points of interest for all test conditions are given in Table 8-4 with the same highlighting 
and marking method as applied to Table 8-3. 
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Anterior/posterior GRF 
(+ve posterior) 
Vertical GRF 
(+ve up) 
 
  
 
Figure 8-1: Mean curves of GRFs in anterior/posterior (left) and vertical (right) directions for conventional 
TFA group (n=5) at the prosthetic side and non-amputee group (n=14) at the left side during slope 
ambulation. 
 
Compared with non-amputees, the prosthetic side posterior force peaks (GRFX2) were smaller in 
all walking conditions with three models of prosthetic ankles/feet and the prosthetic side second 
vertical force peaks (GRFZ2) were smaller with Esprit foot in all walking conditions except 
descending slope and with Echelon foot in camber ambulation. Besides, there were reduced 
prosthetic side anterior force peaks (GRFX1) in descending slope with three models of prosthetic 
ankles/feet and reduced intact side second vertical force peak (GRFZ2) in camber walking with 
prosthetic side higher when the Esprit foot was used. 
 
When comparing other activities with level ground normal speed walking, during fast walking, 
there were significantly greater values in the anterior-posterior GRFs peaks (GRFX1 and GRFX2) 
and the first vertical GRFs peak (GRFZ1). In camber walking, when the prosthetic side was 
higher, the first vertical peak (GRFX1) at the intact side was significantly higher compared with 
level ground normal speed walking condition. The anterior force peak (GRFX1) at the intact side, 
the posterior force peak (GRFX2) and first vertical peak force (GRFZ1) at the prosthetic side 
were significantly reduced when ascending slope while the second vertical force peak (GRFZ2) 
were greater at both sides. In descending slope, the prosthetic side and the intact side showed 
converse changes in the anterior-posterior forces (GRFX1 and GRFX2). The maximum anterior 
force (GRFX1) significantly decreased at the prosthetic side and increased at the intact side. The 
maximum posterior force (GRFX2) significantly increased at the prosthetic side and reduced at 
the intact side. In the vertical forces, at both sides, the first vertical peaks significantly increased 
(GRFZ1) and the second vertical peaks significantly reduced (GRFZ2). 
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Table 8-4: Means and standard deviations of the points of interest in GRFs (normalised by body weight) in the conventional amputee group (n=5, 20 cycles in level ground 
fast walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
GRFX1 
Prosthetic 
-0.11 
(0.02) 
-0.12 
(0.02) 
-0.14 
(0.02) 
-0.13 
(0.02) 
-0.12 
(0.04) 
-0.12  
(0.03) 
-0.12 
(0.04) 
-0.11 
(0.02) 
-0.11 
(0.02) 
-0.10  
(0.02) 
-0.09 
(0.03) 
-0.07  
(0.02) 
-0.07 
(0.01) 
-0.07  
(0.02) 
Intact 
-0.15 
(0.05) 
-0.13 
(0.03) 
-0.28* 
(0.06) 
-0.20* 
(0.05) 
-0.14 
(0.04) 
-0.14  
(0.04) 
-0.13  
(0.03) 
-0.15  
(0.05) 
-0.10 
(0.03) 
-0.12  
(0.04) 
-0.10  
(0.05) 
-0.18  
(0.02) 
-0.19  
(0.03) 
-0.17  
(0.01) 
GRFX2 
Prosthetic 
0.09 
(0.04) 
0.08 
(0.03) 
0.14  
(0.03) 
0.12  
(0.03) 
0.10* 
(0.04) 
0.08* 
(0.02) 
0.10* 
(0.04) 
0.08* 
(0.03) 
0.07  
(0.03) 
0.08  
(0.03) 
0.07  
(0.04) 
0.13  
(0.03) 
0.13  
(0.03) 
0.12 
(0.02) 
Intact 
0.23 
(0.06) 
0.21 
(0.04) 
0.30* 
(0.05) 
0.27* 
(0.05) 
0.25* 
(0.05) 
0.22* 
(0.04) 
0.24* 
(0.07) 
0.21* 
(0.06) 
0.22  
(0.04) 
0.22  
(0.05) 
0.22  
(0.05) 
0.18  
(0.03) 
0.17  
(0.04) 
0.19 
(0.02) 
GRFZ1 
Prosthetic 
1.08 
(0.05) 
0.99 
(0.06) 
1.20* 
(0.138) 
1.11* 
(0.07) 
1.06* 
(0.04) 
1.03* 
(0.08) 
1.05** 
(0.05) 
1.03** 
(0.03) 
1.01** 
(0.06) 
0.97** 
(0.03) 
1.01** 
(0.05) 
1.12** 
(0.06) 
1.09** 
(0.07) 
1.16** 
(0.08) 
Intact 
1.06 
(0.11) 
1.01 
(0.08) 
1.30* 
(0.09) 
1.24* 
(0.09) 
1.08  
(0.12) 
1.07  
(0.12) 
1.05 
(0.13) 
1.05  
(0.12) 
1.03  
(0.15) 
1.04  
(0.17) 
1.04  
(0.14) 
1.12  
(0.11) 
1.10 
(0.12) 
1.09  
(0.08) 
GRFZ2 
Prosthetic 
1.02 
(0.05) 
0.99 
(0.01) 
1.06  
(0.08) 
1.02  
(0.06) 
1.02* 
(0.04) 
0.98* 
(0.03) 
1.01* 
(0.05) 
0.99* 
(0.02) 
1.04* 
(0.02) 
1.02* 
(0.02) 
1.05* 
(0.04) 
0.91  
(0.06) 
0.93  
(0.03) 
0.93  
(0.05) 
Intact 
1.05 
(0.09) 
1.03 
(0.07) 
1.10  
(0.11) 
1.08  
(0.09) 
1.06  
(0.09) 
1.03 
(0.07) 
1.05  
(0.09) 
1.03  
(0.09) 
1.12  
(0.07) 
1.12  
(0.11) 
1.11  
(0.10) 
0.96  
(0.02) 
0.93  
(0.04) 
0.97  
(0.02) 
 
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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When comparing different prosthetic ankles/feet, the subjects tend to be more confident to apply 
loads to the prosthetic leg when the hydraulic ankles/feet (Echelon and Elan) were used compared 
with Esprit foot as the prosthetic side first vertical force peaks (GRFZ1) were significantly higher 
in all walking conditions and the prosthetic second vertical force peaks (GRFZ2) were 
significantly greater in camber walking and ascending slope. Significant difference was also 
found at the intact side when analysis level ground normal speed walking together with fast 
walking or camber ambulation. There is no significant difference determined between Echelon 
and Elan foot in the points of interest in GRFs. 
8.4.4 Joint Angles 
Similar to the GRFs, in the follow results sections, the graphs of kinematic data in slope 
ambulation at the prosthetic side for conventional TFA group are presented as an example for 
showing the difference when using different prosthetic ankles/feet. The graphs of the kinematic 
patterns for the other activities and intact side are given in Appendix XIX. The mean values and 
standard deviations of points of interest are provided in tables and the timing differences are 
described in text when TFAs showed a very different pattern compared with non-amputees. 
8.4.4.1 Ankle Angles 
The mean ankle angles during slope ambulation, for the conventional TFA group at the prosthetic 
side and non-amputee group at the left side, are shown in Figure 8-1 with the key points of 
interest marked based on non-amputee’s data. The means and standard deviations of the points of 
interest in ankle angles are given in Table 8-5 with the same highlighting and marking method 
applied to Table 8-3. 
 
Compared with non-amputees, as the three models of prosthetic ankles/feet used in this study do 
not allow much motion in the frontal and transverse plane, limited ROM in prosthetic ankle joints 
was observed in these two planes. In the sagittal plane, all values that were outside the non-
amputee band were found at the intact side. Except for ascending slope, there were increased 
dorsiflexion at initial contact (AAY1) in all other activities. The maximum dorsiflexion peaks 
during stance (AAY3) were reduced in camber walking with prosthetic side higher and the 
dorsiflexion peaks during swing were greater in fast speed walking. 
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Ankle inversion/eversion 
(+ve inversion) 
Ankle dorsiflexion/plantarflexion 
(+ve dorsiflexion) 
Ankle adduction/abduction 
(+ve adduction) 
 
  
 (a) (b) (c)  
 
Figure 8-2: Mean curves of ankle angles in (a) frontal, (b) sagittal, and (c) transverse plane for 
conventional TFA group (n=5) at the prosthetic side and non-amputee group (n=14) at the left side during 
slope ambulation. 
 
When comparing other activities with level ground normal speed walking, most changes took 
place at the intact side. In camber walking, amputee subjects showed similar changes in the mid-
stance inversion/eversion angles (AAX1, significantly increased eversion at higher side and 
significantly increased inversion at lower side) as non-amputees. There were significantly reduced 
dorsiflexion peaks (AAY3), greater plantarflexion peaks (AAY4), and decreased magnitudes in 
abduction angles (AAZ1 and AAZ2) at the intact side when the prosthetic side was higher. In 
ascending slope, significantly increased dorsiflexion (AAY2) was found at both sides, but the 
range of increase at the prosthetic side was much smaller. The intact side also showed 
significantly increased maximum swing plantarflexion (AAY4). In descending slope there were 
greater mid-stance inversion angles (AAX1) and adduction angles at initial contact (AAZ1) at the 
intact side. In the sagittal plane, the maximum plantarflexion angles in early stance (AAY2) were 
significantly reduced at both sides. There was a shift towards greater dorsiflexion in the sagittal 
plane pattern from late stance to late swing (significantly at point AAY3 and AAY4). 
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Table 8-5: Means and standard deviations of the points of interest in ankle angles (unit: degree) in the conventional amputee group (n=5, 20 cycles in level ground fast 
walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
AAX1 
Prosthetic 
10.81 
(6.05) 
9.43 
(7.43) 
9.21 
(4.12) 
7.47 
(6.16) 
8.39 
(5.89) 
7.41 
(6.77) 
13.33 
(6.16) 
12.32 
(6.65) 
10.95* 
(6.51) 
9.45* 
(7.00) 
11.22* 
(6.33) 
11.38 
(5.54) 
10.58 
(6.66) 
10.76 
(5.77) 
Intact 
9.73 
(5.69) 
8.22 
(4.90) 
10.94 
(6.20) 
9.56 
(4.62) 
12.95* 
(5.51) 
11.00* 
(4.12) 
7.59 
(5.83) 
5.98 
(4.42) 
9.12 
(3.51) 
8.51 
(5.10) 
9.39 
(4.30) 
10.67 
(4.60) 
9.82 
(4.66) 
10.74 
(5.52) 
AAY1 
Prosthetic 
1.16 
(2.83) 
-3.34 
(0.71) 
1.64*** 
(3.29) 
-3.15*** 
(0.55) 
1.14*** 
(2.74) 
-3.16*** 
(1.33) 
1.23*** 
(2.90) 
-2.98*** 
(1.11) 
1.20*** 
(2.95) 
-2.05*** 
(2.47) 
0.95*** 
(2.93) 
0.93*** 
(2.85) 
-2.25*** 
(2.59) 
-0.08*** 
(2.96) 
Intact 
4.37 
(4.11) 
4.56 
(5.26) 
5.90 
(4.61) 
5.18 
(5.38) 
4.48 
(4.25) 
4.14 
(4.87) 
3.79 
(4.23) 
3.10 
(4.96) 
3.97 
(5.97) 
2.67 
(4.08) 
3.71 
(6.53) 
5.30 
(5.31) 
3.99 
(6.18) 
5.66 
(5.69) 
AAY2 
Prosthetic 
-9.32 
(1.75) 
-8.75 
(1.10) 
-8.83 
(1.52) 
-8.85 
(1.01) 
-9.31 
(1.92) 
-8.52 
(1.38) 
-9.49* 
(2.12) 
-7.92* 
(1.25) 
-7.49 
(1.82) 
-6.37 
(2.88) 
-6.04 
(2.74) 
-10.64*** 
(1.84) 
-7.54*** 
(2.90) 
-11.96*** 
(2.38) 
Intact 
-6.62 
(4.76) 
-8.79 
(5.09) 
-5.65 
(5.48) 
-5.56 
(6.21) 
-6.08* 
(4.39) 
-8.17* 
(5.39) 
-6.94 
(5.15) 
-7.94 
(5.75) 
-0.65 
(6.23) 
-2.02 
(5.60) 
-0.84 
(6.40) 
-10.64* 
(5.04) 
-12.26* 
(4.75) 
-10.59* 
(5.51) 
AAY3 
Prosthetic 
11.04 
(2.40) 
6.69 
(1.05) 
11.64*** 
(2.71) 
7.41*** 
(0.84) 
11.06*** 
(2.43) 
7.23*** 
(1.42) 
10.60*** 
(2.77) 
7.00*** 
(1.28) 
11.08*** 
(2.88) 
8.59*** 
(2.09) 
10.87*** 
(2.65) 
10.42*** 
(3.11) 
7.56*** 
(2.50) 
8.78*** 
(2.93) 
Intact 
6.03 
(3.21) 
4.28 
(2.48) 
2.43 
(3.52) 
2.03 
(3.65) 
1.55 
(4.11) 
0.48 
(1.40) 
7.19 
(2.05) 
6.66 
(1.74) 
8.00 
(3.32) 
6.26 
(2.46) 
8.25 
(4.48) 
9.13 
(4.11) 
9.51 
(3.74) 
9.97 
(4.66) 
AAY4 Intact 
-23.72 
(3.21) 
-22.61 
(1.69) 
-26.01 
(2.56) 
-24.81 
(2.86) 
-26.91 
(3.04) 
-26.61 
(1.62) 
-22.18 
(2.93) 
-21.52 
(2.49) 
-27.99 
(4.23) 
-27.90 
(3.76) 
-27.70 
(4.37) 
-10.92 
(3.55) 
-9.77 
(4.90) 
-12.12 
(2.74) 
AAY5 Intact 
3.61 
(5.18) 
4.24 
(5.41) 
6.62 
(3.76) 
6.04 
(5.17) 
5.97 
(4.71) 
5.42 
(5.70) 
3.19 
(5.76) 
2.59 
(5.40) 
3.42 
(5.09) 
1.58 
(3.48) 
2.74 
(6.94) 
4.68 
(7.43) 
6.08 
(5.78) 
5.05 
(7.34) 
AAZ1 
Prosthetic 
-0.54 
(2.38) 
0.98 
(1.66) 
-0.16* 
(2.58) 
2.27* 
(1.32) 
-0.56  
(2.43) 
0.74 
(2.12) 
-0.25 
(2.76) 
0.93 
(2.15) 
0.04* 
(3.20) 
2.13* 
(2.31) 
-0.17* 
(2.41) 
0.03* 
(2.76) 
2.23* 
(2.19) 
-0.17* 
(2.71) 
Intact 
-4.13  
(5.68) 
-3.67  
(3.94) 
-4.69  
(3.85) 
-3.08 
(3.55) 
-0.93 
(5.20) 
-0.75 
(3.96) 
-1.91 
(6.02) 
-2.48 
(4.87) 
-4.15  
(5.54) 
-4.80  
(1.98) 
-4.51 
(3.28) 
0.41 
(7.58) 
0.49  
(3.40) 
0.04 
(4.82) 
AAZ2 Intact 
-12.02  
(3.53) 
-10.24 
(2.42) 
-12.28  
(1.85) 
-9.98 
(3.53) 
-8.64 
(3.77) 
-7.12 
(3.89) 
-12.60 
(4.93) 
-13.03  
(2.19) 
-10.38  
(5.36) 
-11.72 
(2.47) 
-11.09 
(2.75) 
-10.04 
(3.19) 
-10.39  
(3.20) 
-11.13 
(3.28) 
AAZ3 Intact 
5.10 
(4.95) 
5.92 
(5.44) 
2.32 
(7.99) 
4.02 
(8.38) 
6.06 
(7.38) 
7.56 
(6.04) 
3.74 
(8.74) 
5.19  
(8.18) 
5.06 
(4.33) 
4.24  
(3.60) 
3.30 
(5.52) 
5.43 
(5.68) 
5.14 
(7.05) 
5.57 
(7.14) 
 
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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Most differences between the prosthetic ankles/feet were found in the sagittal plane. The Echelon 
and Elan foot showed about 4.5° greater dorsiflexion angle in neutral position compared with 
Esprit, which can be inferred from the sagittal plane angles during swing phase and which caused 
the significant differences in angle at initial contact (AAY1). The magnitudes of the maximum 
stance dorsiflexion (AAY3) of the hydraulic feet were significantly higher than the Esprit foot in 
all walking conditions. In descending slope and camber walking with intact side higher, the 
hydraulic ankles showed significantly greater plantarflexion peaks during early stance (AAY2). 
At the intact side, the early stance plantarflexion peaks were higher in descending slope and 
camber walking with prosthetic side higher. In the frontal plane, there was significant greater mid-
stance inversion angle (AAX1) in hydraulic ankles/feet when analysing level ground normal 
speed walking together with ascending slope. And in camber slope walking with the prosthetic 
side higher, there is more inversion at the intact side when the Echelon foot was used. In the 
transverse plane, at initial contact (AAZ1), the Esprit foot showed more adduction compared with 
hydraulic feet in fast walking and slope ambulation. There was no significant difference found 
between Echelon and Elan in the points of interest in ankle angles. 
 
The interaction (Factor F X Factor C) significant effect was only found between level ground 
walking and descending slope in early stance plantarflexion peak (AAY2, p=0.002). 
8.4.4.2 Knee Angles 
The mean knee angle during slope ambulation, for the conventional TFA group at the prosthetic 
side and non-amputee group at the left side, is shown in Figure 8-3 with the points of interest 
marked based on non-amputees’ data. The means and standard deviations of the points of interest 
are given in Table 8-6 with the same highlighting and marking method as applied to Table 8-3. 
 
Knee flexion/extension 
(+ve flex) 
 
 
Figure 8-3: Mean curves of knee angle in the sagittal plane for the conventional TFA group (n=5) at the 
prosthetic side and non-amputee group (n=14) at the left side during slope ambulation. 
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The main difference of a passive prosthetic knee joint compared with a natural one is that there is 
not a flexion peak in early stance and the prosthetic knee joint remains in near full extension from 
initial contact until late stance, which has been noticed in pilot test (Section 7.4.5). On average, 
the prosthetic knees showed about 10° greater in the maximum swing flexion (KAY4) compared 
with non-amputees in all walking conditions (outside the non-amputee band  in descending slope 
with three models of prosthetic ankles/feet and in fast speed walking and camber walking with 
intact side higher when the Echelon foot was used). Besides, there were smaller prosthetic flexion 
angles at initial contact (KAY1) when ascending slope. 
 
When comparing other activities with level ground normal speed walking, there were greater 
early stance flexion angle at the intact side (KAY2) and greater swing angles at both sides 
(KAY4) with increased walking speed. In camber ambulation, when the prosthetic side was 
higher, there was no statistical change in the intact knee, but the prosthetic side showed 
significantly increased swing flexion peak (KAY4). When the intact side was higher, there was 
increased flexion at the intact side from the end of loading response to mid-swing (significantly at 
points KAY2, KAY3 and KAY4). In ascending slope, the intact side showed greater flexion from 
initial contact until the end of loading response (significantly at points KAY1 and KAY2), and 
there were decreased swing flexion peaks (KAY4) at both sides. In descending slope, there was 
greater extension at the initial contact (KAY1) at the intact side, and for both sides, there was a 
shift towards increased flexion angles from late stance until mid-swing (significantly at prosthetic 
side point KAY4 and intact side points KAY3 and KAY4). 
 
Compared with Esprit foot, there were greater extension angles for the prosthetic side at initial 
contact (KAY1) when the hydraulic ankles/feet were used, but it only reached the statistical 
significant level when analyse level ground normal speed walking together with ascending slope. 
Except descending slope, there were significantly higher magnitudes in the prosthetic knee swing 
flexion peak (KAY4) when using Echelon and Elan feet. At the intact side, subjects showed 
increased flexion angle during early stance (KAY2) with Echelon feet when performing level 
ground walking and camber ambulation. There was no significant difference observed between 
the Echelon and Elan foot in the points of interest in knee angles.  
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Table 8-6: Means and standard deviations of the points of interest in knee angles (unit: degree) in the conventional amputee group (n=5, 20 cycles in level ground fast 
walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
KAY1 
Prosthetic 
-3.27 
(2.86) 
-2.92 
(3.06) 
-2.32 
(2.87) 
-2.22 
(1.65) 
-3.1 
(2.6) 
-2.94 
(2.65) 
-3.44 
(2.44) 
-2.88 
(2.22) 
-3.28* 
(3.39) 
-2.48* 
(3.03) 
-3.76* 
(3.27) 
-3.54 
(2.73) 
-2.96 
(3.04) 
-3.66 
(3.31) 
Intact 
-3.59 
(2.66) 
-3.87 
(3.41) 
-2.18 
(3.28) 
-2.48 
(2.88) 
-4.0 
(2.4) 
-3.61 
(3.01) 
-3.28 
(1.69) 
-3.19 
(3.20) 
5.87 
(2.48) 
5.24 
(3.68) 
6.67 
(3.31) 
-4.54 
(3.21) 
-4.54 
(3.49) 
-4.58 
(3.00) 
KAY2 Intact 
10.18 
(7.62) 
7.35 
(6.12) 
21.49* 
(1.35) 
16.36* 
(4.69) 
10.6* 
(8.0) 
8.22* 
(7.99) 
12.20* 
(7.82) 
10.26* 
(8.17) 
16.94 
(6.95) 
16.68 
(8.28) 
18.31 
(8.22) 
9.83 
(10.38) 
10.95 
(7.71) 
10.28 
(7.24) 
KAY3 Intact 
-4.60 
(1.29) 
-5.00 
(2.08) 
-4.27 
(2.50) 
-4.18 
(1.31) 
-3.81 
(0.84) 
-4.93 
(1.93) 
-3.33 
(1.58) 
-3.93 
(1.47) 
-3.77 
(2.67) 
-4.06 
(3.13) 
-3.76 
(2.51) 
-0.18 
(4.73) 
-0.17 
(4.68) 
0.17 
(4.22) 
KAY4 
Prosthetic 
65.65 
(5.38) 
60.44 
(10.00) 
71.31** 
(3.36) 
64.94** 
(3.25) 
67.48* 
(5.25) 
65.68* 
(6.36) 
64.93* 
(4.87) 
62.06* 
(6.08) 
61.39* 
(8.33) 
59.63* 
(8.73) 
61.24* 
(7.29) 
73.25 
(5.79) 
74.30 
(5.92) 
71.81 
(6.46) 
Intact 
55.55 
(2.10) 
55.03 
(1.72) 
59.65 
(3.12) 
57.49 
(2.68) 
53.53 
(2.00) 
54.67 
(2.53) 
57.84 
(3.47) 
58.37 
(4.05) 
50.99 
(4.20) 
52.31 
(3.74) 
52.40 
(3.84) 
61.93 
(3.06) 
61.23 
(3.46) 
61.77 
(2.27) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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8.4.4.3 Hip Angles 
The frontal and sagittal plane hip angles during slope ambulation, for the conventional TFA group 
at the prosthetic side and non-amputee group at the left side, are shown in Figure 8-4 with the key 
points of interest marked based on non-amputees’ data. The means and standard deviations of the 
points of interest are given in Table 8-7 with the same highlighting and marking method applied 
to Table 8-3. 
 
 
Hip adduction/abduction 
(+ve adduction) 
Hip flexion/extension 
(+ve flexion) 
 
  
 
Figure 8-4: Mean curves of hip angles in frontal (left) and sagittal (right) planes for conventional TFA 
group (n=5) at the prosthetic side and non-amputee group (n=14) at the left side during slope ambulation. 
 
There were no mean values at the points of interest that outside the non-amputee band, but as 
noticed in the pilot test, there were inter-subject differences in the adduction/abduction angle 
waveform pattern. The mean curves of adduction/abduction angle from the 5 TFAs in level 
ground normal speed walking are presented in Figure 8-5. Unlike non-amputees, there was not a 
clear uniform pattern among different TFA subjects during level ground walking and camber 
ambulation. In slope walking conditions, probably due to the requirements of strategies, there 
were comparatively similar patterns in hip adduction/abduction among five subjects. But the 
patterns still differed from that for the non-amputees. Although the values at the points of interest 
in the hip adduction/abduction are given because the ROM can be indicated from the maximum 
and minimum angles, given the variability in patterns these were not subsequently analysed based 
on the values at those points of interest. 
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Table 8-7: Means and standard deviations of the points of interest in hip angles (unit: degree) in the conventional amputee group (n=5, 20 cycles in level ground fast walking, 
25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
HAX1 
Prosthetic 
-1.43 
(4.73) 
-1.25 
(2.98) 
-1.77 
(5.68) 
-1.76 
(3.33) 
0.53 
(3.01) 
-0.03 
(2.24) 
-1.86 
(2.78) 
-2.16 
(3.55) 
5.39 
(7.03) 
4.19 
(5.26) 
6.08 
(5.71) 
-3.39 
(3.38) 
-3.82 
(3.88) 
-3.04 
(2.19) 
Intact 
-0.80 
(3.53) 
-0.28 
(4.14) 
-2.59 
(2.43) 
-1.05 
(4.64) 
-1.18 
(1.43) 
-1.32 
(2.64) 
1.32 
(2.08) 
0.64 
(2.91) 
3.00 
(2.38) 
1.73 
(2.17) 
2.51 
(2.57) 
-3.95 
(2.17) 
-5.59 
(1.77) 
-4.24 
(1.76) 
HAX2 
Prosthetic 
-0.10 
(3.85) 
0.55 
(2.47) 
-0.49 
(4.75) 
-1.00 
(2.77) 
1.15 
(3.53) 
1.39 
(2.86) 
-0.58 
(3.94) 
-1.13 
(3.41) 
5.11 
(7.30) 
3.74 
(5.64) 
6.09 
(6.49) 
1.31 
(5.39) 
2.00 
(4.85) 
2.00 
(4.03) 
Intact 
2.88 
(2.37) 
3.16 
(3.25) 
1.59 
(3.52) 
3.03 
(4.50) 
1.16 
(1.71) 
1.16 
(3.48) 
4.27 
(1.70) 
4.00 
(3.38) 
4.82 
(1.99) 
3.79 
(1.53) 
4.46 
(2.33) 
2.43 
(2.40) 
1.53 
(3.91) 
2.70 
(2.16) 
HAX3 
Prosthetic 
-6.23 
(5.18) 
-6.37 
(4.46) 
-8.09 
(4.32) 
-8.33 
(4.01) 
-5.03 
(5.20) 
-5.85 
(4.94) 
-6.45 
(5.06) 
-7.65 
(4.47) 
-7.03 
(2.92) 
-6.98 
(3.46) 
-7.39 
(2.90) 
-7.10 
(5.56) 
-8.14 
(5.60) 
-7.17 
(4.33) 
Intact 
-7.63 
(3.35) 
-6.80 
(3.31) 
-7.71 
(2.93) 
-5.83 
(3.75) 
-8.36 
(2.86) 
-8.11 
(3.36) 
-6.90 
(3.23) 
-5.36 
(3.66) 
-9.90 
(6.39) 
-8.70 
(6.17) 
-10.86 
(6.47) 
-8.00 
(1.89) 
-10.01 
(2.41) 
-9.01 
(2.17) 
HAY1 
Prosthetic 
32.21 
(2.37) 
32.89 
(3.12) 
34.98 
(3.51) 
34.76 
(2.14) 
34.06 
(3.14) 
31.93 
(3.81) 
33.23 
(2.51) 
31.07 
(3.57) 
39.11 
(6.70) 
38.75 
(5.19) 
37.78 
(5.49) 
26.42 
(3.32) 
26.53 
(3.10) 
26.60 
(2.87) 
Intact 
33.73 
(5.14) 
34.76 
(5.14) 
38.53 
(6.64) 
35.74 
(6.08) 
34.22 
(4.20) 
33.02 
(5.17) 
35.99 
(4.30) 
34.43 
(5.58) 
45.00 
(3.98) 
45.31 
(4.15) 
45.30 
(4.33) 
28.35 
(5.56) 
28.27 
(5.44) 
27.66 
(5.54) 
HAY2 
Prosthetic 
-9.98 
(4.19) 
-8.64 
(4.20) 
-11.50 
(3.86) 
-10.44 
(5.04) 
-9.84 
(4.41) 
-9.77 
(4.59) 
-9.75 
(3.89) 
-10.11 
(4.45) 
-6.76 
(3.10) 
-6.90 
(2.64) 
-7.62 
(2.76) 
-8.75 
(2.31) 
-7.73 
(2.44) 
-9.18 
(3.30) 
Intact 
-14.10 
(4.84) 
-13.45 
(4.41) 
-11.96 
(7.16) 
--12.50 
(5.23) 
-12.96 
(5.00) 
-13.45 
(5.93) 
-12.76 
(5.51) 
-12.59 
(6.31) 
-10.14 
(7.73) 
-8.80 
(8.05) 
-10.09 
(8.52) 
-11.96 
(4.54) 
-9.56 
(3.97) 
-11.72 
(4.44) 
HAY3 
Prosthetic 
36.14 
(2.02) 
35.80 
(2.32) 
39.40 
(2.70) 
36.86 
(2.47) 
37.15 
(2.39) 
35.52 
(3.64) 
35.14 
(1.90) 
33.88 
(3.64) 
42.31 
(5.05) 
42.11 
(4.00) 
41.55 
(4.19) 
32.30 
(3.66) 
31.67 
(4.04) 
31.27 
(2.70) 
Intact 
34.93 
(5.92) 
35.51 
(5.23) 
37.77 
(5.68) 
37.92 
(4.71) 
35.48 
(5.43) 
35.13 
(4.46) 
36.35 
(4.24) 
36.45 
(4.70) 
45.82 
(4.61) 
45.48 
(4.41) 
46.05 
(5.28) 
30.45* 
(4.54) 
32.74* 
(4.25) 
30.17* 
(4.89) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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Figure 8-5: Mean curves of hip adduction/abduction angles of 5 conventional TFAs during level ground 
normal speed walking. The vertical lines are showing the opposite toe off event. The green line and shadow 
represents the mean value and standard deviations of the control group. 
 
When comparing other activities with level ground normal speed walking, in the sagittal plane, 
with increased walking speed, there were greater hip flexion from late swing to mid-stance 
(significantly at points HAY1 and HAY3) at the intact side, while at the prosthetic side, 
significant changes (increased flexion) only occurred in late swing (HAY3). In ascending slope, 
there was a shift towards greater flexion throughout the entire GC at both sides (significantly at 
points HAY1, HAY2 and HAY3) and in descending slope, reduced magnitudes in peak angles 
were found at the intact side (significantly at points HAY1, HAY2 and HAY3) and reduced 
flexion angles (significantly at points HAY1 and HAY3) were found at the prosthetic side. 
 
Significant difference between the three prosthetic ankles/feet was found when analyse the level 
ground normal speed walking together with descending slope, there was significantly less flexion 
at sound side during late swing (HAY3) when the hydraulic ankles were used. There was no 
significant difference found between Echelon and Elan foot at the points of interests in hip angles. 
8.4.4.4 Pelvic Angles 
The pelvic angles in the three planes at the prosthetic side during slope ambulation, for the 
conventional TFA group at the prosthetic side and for non-amputee group at the left side, are 
demonstrated in Figure 8-6 with the points of interest marked based on non-amputees’ data. The 
means and standard deviations of the points of interest are given in Table 8-8 with the same 
highlighting and marking method as applied to Table 8-3. 
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Pelvic obliquity 
(+ve up) 
Pelvic tilt 
(+ve sacrum up) 
Pelvic horizontal rotation 
(+ve internal) 
 
 
 (a) (b) (c)  
 
Figure 8-6: Mean curves of pelvic angles in (a) frontal, (b) sagittal, and (c) transverse planes for 
conventional TFA group (n=5) at the prosthetic side and non-amputee group (n=14) at the left side during 
slope ambulation. 
 
Compared with the non-amputees, although the averaged patterns in the frontal and sagittal plane 
observed from the TFAs were very different, the five TFAs showed relatively consistent tendency 
when performing the same activity. In the frontal plane, except descending slope, the maximum 
obliquity up angles (PAX2) in the TFAs group appeared between 80% and 90% of GC and the 
maximum obliquity down angles (PAX3) appeared between 30% and 40% of GC, while in non-
amputees’ condition, these two peaks normally take place at about 12% and 62% respectively 
(PAX2 and PAX3) in all walking conditions. In descending slope, the maximum obliquity up 
angles appeared between 50% and 60% of GC and the maximum obliquity down angles appeared 
varied among 5 TFAs from loading response to end of mid-stance. In the sagittal plane, there was 
significantly greater ROM in TFAs compared with non-amputees. All variables that exceed the 
non-amputee band, however, were only found for ascending slope, where a greater obliquity up 
angle at the initial contact (PAX1) was found at the prosthetic side with all three models of 
prosthetic ankles/feet fitted. When the Elan foot was used, the magnitudes at the maximum 
obliquity up angle (PAX2) at prosthetic side and the maximum obliquity down angle (PAX3) at 
intact side exceeded the normal band. 
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Table 8-8: Means and standard deviations of the points of interest in pelvic angles (unit: degree) in the conventional amputee group (n=5, 20 cycles in level ground fast 
walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
PAX1 
Prosthetic 
1.00 
(2.52) 
1.24 
(2.86) 
0.46 
(1.28) 
0.29 
(1.12) 
1.96 
(2.33) 
1.60 
(2.38) 
1.10 
(2.39) 
0.40 
(3.13) 
7.19 
(6.61) 
6.12 
(5.92) 
7.73 
(5.80) 
-0.96 
(1.78) 
-1.32 
(1.90) 
-0.92 
(1.62) 
Intact 
0.93 
(1.72) 
0.64 
(1.95) 
0.97 
(1.27) 
1.05 
(2.16) 
0.40 
(1.31) 
-0.24 
(1.86) 
1.48 
(1.64) 
1.16 
(2.04) 
4.09 
(1.20) 
3.43 
(1.97) 
3.88 
(0.95) 
-2.27 
(2.69) 
-3.48 
(2.64) 
-2.59 
(2.28) 
PAX2 
Prosthetic 
4.06 
(2.55) 
4.89 
(3.01) 
2.82 
(0.48) 
3.08 
(1.36) 
4.71* 
(3.41) 
5.21* 
(3.46) 
3.88 
(3.04) 
3.92 
(3.22) 
7.66 
(6.23) 
7.18 
(5.26) 
8.40 
(5.22) 
4.76 
(3.49) 
5.87 
(4.17) 
4.48 
(3.86) 
Intact 
4.13 
(2.51) 
4.05 
(3.27) 
3.93 
(2.68) 
4.42 
(3.95) 
3.47 
(2.53) 
3.01 
(4.08) 
4.19 
(2.55) 
4.27 
(3.64) 
5.60 
(2.06) 
4.86 
(2.40) 
5.24 
(2.16) 
3.65 
(2.72) 
3.77 
(3.12) 
3.75 
(2.33) 
PAX3 
Prosthetic 
-4.06 
(2.34) 
-4.02 
(2.95) 
-4.19 
(2.76) 
-4.74 
(3.15) 
-3.44 
(2.58) 
-2.96 
(4.01) 
-4.04 
(2.58) 
-4.06 
(3.62) 
-5.54 
(2.11) 
-4.64 
(2.51) 
-5.64 
(2.05) 
-3.54 
(2.59) 
-3.04 
(3.53) 
-3.68 
(2.34) 
Intact 
-3.84 
(2.65) 
-5.73 
(2.29) 
-3.00** 
(1.49) 
-4.04** 
(0.44) 
-4.88** 
(3.42) 
-5.98** 
(2.86) 
-4.04*** 
(3.14) 
-4.30*** 
(2.82) 
-8.23 
(6.06) 
-7.17 
(5.53) 
-9.25 
(5.20) 
-4.64** 
(3.93) 
-6.53** 
(3.24) 
-5.50** 
(3.17) 
PAY1 
Prosthetic 
12.10 
(2.50) 
12.14 
(3.25) 
14.25 
(2.97) 
13.81 
(3.00) 
13.51 
(3.34) 
11.65 
(4.47) 
13.22 
(2.59) 
11.60 
(4.00) 
15.71 
(4.82) 
14.83 
(4.86) 
15.28 
(5.40) 
11.63 
(2.84) 
11.84 
(2.70) 
11.99 
(3.37) 
Intact 
15.03 
(4.69) 
16.23 
(4.92) 
16.62 
(4.55) 
15.52 
(5.88) 
16.22 
(4.79) 
15.28 
(5.30) 
16.23 
(4.56) 
14.66 
(5.33) 
18.86 
(3.49) 
19.16 
(4.35) 
18.50 
(4.51) 
14.07 
(4.11) 
14.49 
(3.73) 
14.00 
(4.46) 
PAZ1 
Prosthetic 
1.87 
(4.56) 
1.35 
(4.99) 
1.26 
(3.06) 
-0.22 
(2.50) 
0.86 
(3.75) 
1.33 
(5.07) 
2.47 
(3.77) 
2.06 
(4.82) 
-0.80 
(4.70) 
-1.57 
(5.10) 
0.08 
(3.64) 
1.41 
(3.45) 
2.31 
(4.23) 
1.22 
(4.36) 
Intact 
3.42 
(6.67) 
4.90 
(5.96) 
5.30 
(4.68) 
5.51 
(4.08) 
2.75 
(5.46) 
3.45 
(4.22) 
2.32* 
(5.27) 
4.03* 
(4.32) 
1.58* 
(5.11) 
3.81* 
(3.40) 
0.48* 
(4.28) 
3.58 
(4.98) 
4.07 
(3.80) 
3.88 
(5.30) 
PAZ2 
Prosthetic 
-2.31 
(6.31) 
-3.13 
(7.04) 
-4.14 
(8.68) 
-4.09 
(5.59) 
-3.07 
(6.48) 
-2.77 
(5.86) 
-2.72 
(6.79) 
-2.18 
(5.64) 
-2.83 
(4.84) 
-4.04 
(3.96) 
-2.06 
(5.38) 
-3.07 
(6.57) 
-4.36 
(6.41) 
-4.15 
(7.61) 
Intact 
-4.92 
(5.76) 
-3.90 
(5.68) 
-3.40 
(5.22) 
-2.04 
(5.40) 
-2.95 
(4.56) 
-3.06 
(5.46) 
-2.98 
(5.07) 
-3.75 
(5.78) 
-2.07 
(4.36) 
-0.71 
(5.92) 
-2.22 
(5.03) 
-3.20 
(4.82) 
-2.39 
(5.55) 
-2.47 
(5.43) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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When comparing other activities with level ground normal speed walking, with increased walking 
speed, there was significantly increased tilt angle at the prosthetic side at initial contact (PAY1) 
and greater obliquity up angle at the intact side at initial contact (PAX1). During camber walking 
with the intact side higher, there was reduced obliquity up peak (PAX2) at the prosthetic side and 
increased obliquity down peak (PAX3) at intact side. In ascending slope, there were significantly 
increased magnitudes at all points of interest in the frontal plane, a shift towards more sacrum up 
throughout entire GC in the sagittal plane (significantly at point PAY1), significantly reduced 
transverse plane initial contact angles (PAZ1) at both sides, and significantly less maximum 
external rotation (PAZ2) at the intact side. In descending slope, both sides showed significantly 
reduced frontal plane initial contact angles (PAX1). The prosthetic side showed reduced 
magnitudes at the maximum obliquity down angles (PAX3) while the intact side showed 
increased magnitudes. At initial contact, there were significant reduces in the tilt angles (PAY1) 
and maximum external rotation (PAZ2) at the intact side. 
 
When comparing different prosthetic ankles/feet, significantly greater magnitudes were found in 
obliquity down peaks (PAX3) at sound side when the Esprit foot was used in all activities except 
ascending slope. There were significantly higher obliquity up peaks (PAX2) at the prosthetic side 
with Esprit foot when analyse level ground normal speed walking together with camber walking 
prosthetic side higher condition. Other differences were found at the transverse plane angles at the 
sound side (PAZ1), where significantly reduced initial contact angles can be found when the 
hydraulic ankles/feet were fitted, but only significant in ascending slope and camber walking with 
intact side higher conditions. There was no significant difference between Echelon and Elan foot 
observed from the post-hoc test results. 
8.4.5 Joint Moments 
In the following subsections, similar to the previous sections, the patterns of the joint moments at 
the prosthetic side for conventional TFAs in slope ambulation are used for illustration and the 
graphs of the kinematic patterns for the other activities and intact side are given in Appendix XIX. 
The timing differences are described in text only when the conventional TFAs showed a very 
different pattern compared with non-amputees. 
8.4.5.1 Ankle Moments 
The mean ankle moments in three planes during slope ambulation, for the conventional TFA 
group at the prosthetic side and non-amputee group at the left side, are illustrated in Figure 8-7 
with the points of interest marked. The means and standard deviations of the points of interest are 
given in Table 8-9 with the same highlighting and marking method applied to Table 8-3. 
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Ankle invertor/evertor 
(+ve evertor) 
Ankle dorsiflexor/plantarflexor 
(+ve plantarflexior) 
Ankle adductor/abductor 
(+ve abductor) 
 
 
 (a) (b) (c)  
 
Figure 8-7: Mean curves of ankle moments in (a) frontal, (b) sagittal, and (c) transverse plane in 
conventional TFA group (n=5) at the prosthetic side and non-amputee group (n=14) at the left side in slope 
ambulation. 
 
Compared with non-amputees, in most tested activities, the prosthetic ankles/feet provided much 
smaller plantarflexor moments (AMY1), only in fast speed walking and ascending slope the 
hydraulic ankles get into the non-amputee band. The abductor moment peaks (AMZ1) of most 
TFAs at the sound side appeared between 15% and 25% of GC, while subject SP3 and the non-
amputee group showed this feature at about 75% of stance phase. Besides, obvious smaller 
abductor moments (AMZ1) were observed in slope ambulation. 
 
When comparing other walking conditions with level ground normal speed walking, the 
magnitude of the maximum evertor moment (AMX1) was significantly increased in ascending 
slope and significantly decreased in descending slope, as well as the maximum plantarflexor 
peaks at both sides (AMY1). There were also significantly greater maximum plantarflexor 
moments (AMY1) during fast speed walking. The abductor peak (AMZ1) at the intact side was 
significantly reduced during camber walking with prosthetic side higher and ascending slope. 
 
Compared with Esprit foot, the hydraulic ankles/feet showed greater plantarflexor moment peaks 
(AMY1) in almost all activities except descending slope. According to the observation of the 
mean curves showed in Figure 8-7, during the mid-stance in descending slope, the hydraulic 
ankles/feet provided higher plantarflexor moment compared with fixed ankle design. 
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Table 8-9: Means and standard deviations of the points of interest in ankle moments (normalised by body mass, unit: Nm/kg) in the conventional amputee group (n=5, 20 
cycles in level ground fast walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
AMX1 
Prosthetic 
0.12 
(0.04) 
0.13 
(0.02) 
0.14 
(0.05) 
0.14 
(0.03) 
0.12 
(0.04) 
0.13 
(0.02) 
0.12 
(0.05) 
0.13 
(0.03) 
0.14 
(0.01) 
0.15 
(0.03) 
0.15 
(0.03) 
0.10 
(0.04) 
0.10 
(0.03) 
0.10 
(0.04) 
Intact 
0.16 
(0.05) 
0.17 
(0.05) 
0.18 
(0.06) 
0.17 
(0.04) 
0.15 
(0.05) 
0.16 
(0.04) 
0.16 
(0.04) 
0.17 
(0.05) 
0.17 
(0.03) 
0.19 
(0.03) 
0.18 
(0.04) 
0.18 
(0.04) 
0.19 
(0.04) 
0.18 
(0.05) 
AMY1 
Prosthetic 
1.29 
(0.08) 
1.25 
(0.08) 
1.38* 
(0.16) 
1.31* 
(0.09) 
1.28** 
(0.08) 
1.21** 
(0.07) 
1.26* 
(0.10) 
1.22* 
(0.08) 
1.33* 
(0.08) 
1.30* 
(0.06) 
1.34* 
(0.10) 
1.13 
(0.15) 
1.10 
(0.12) 
1.10 
(0.11) 
Intact 
1.55 
(0.16) 
1.53 
(0.07) 
1.69 
(0.12) 
1.65 
(0.06) 
1.56 
(0.11) 
1.51 
(0.07) 
1.51 
(0.09) 
1.49 
(0.09) 
1.65 
(0.08) 
1.61 
(0.10) 
1.64 
(0.10) 
1.42 
(0.10) 
1.38 
(0.12) 
1.40 
(0.08) 
AMZ1 
Prosthetic 
0.08 
(0.10) 
0.08 
(0.05) 
0.07 
(0.11) 
0.05 
(0.03) 
0.14 
(0.09) 
0.13 
(0.03) 
0.05 
(0.09) 
0.04 
(0.02) 
0.08 
(0.10) 
0.03 
(0.03) 
0.07 
(0.09) 
0.06 
(0.07) 
0.04 
(0.04) 
0.07 
(0.05) 
Intact 
0.21 
(0.10) 
0.19 
(0.07) 
0.23 
(0.10) 
0.20 
(0.03) 
0.12 
(0.07) 
0.12 
(0.04) 
0.23 
(0.12) 
0.22 
(0.08) 
0.14 
(0.12) 
0.12 
(0.09) 
0.12 
(0.08) 
0.20 
(0.10) 
0.24 
(0.11) 
0.22 
(0.11) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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8.4.5.2 Knee Moments 
The mean sagittal plane knee moments during slope ambulation, for the conventional TFA group 
at the prosthetic side and non-amputee group at the left side, are demonstrated in Figure 8-8 with 
the points of interest marked based on non-amputees’ data. The means and standard deviations of 
the points of interest are given in Table 8-10 with the same highlighting and marking method 
applied to Table 8-3. 
 
Knee flexor/extensor 
(+ve extensor) 
 
 
Figure 8-8: Mean curves of knee moments in sagittal plane in conventional TFA group (n=5) at the 
prosthetic side and non-amputee group (n=14) at the left side in slope ambulation. 
 
Compared with non-amputees, as noticed in pilot test, early stance extensor moment peak 
(KMY1) at the prosthetic knee was lower and actually converted into flexor moment in all 
activities. The TFAs showed greater second adductor peak (KMY2) at the sound knee and it 
exceeded the normal band in ascending slope. At the intact side, there were increased flexor 
moments during terminal stance and late swing (KMY2 and KAY3) in most activities while the 
prosthetic side showed much smaller late swing flexor moment (KMY3). At the intact side, the 
maximum flexor moment (KMY2) of subject TF4 appeared at 22% of GC during descending 
slope, while in average, this point of interest took place at about 40% of GC in both TFA group 
and non-amputee group. 
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Table 8-10: Means and standard deviations of the points of interest in knee moments (normalised by body mass, unit: Nm/kg) in the conventional amputee group (n=5, 20 
cycles in level ground fast walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
KMY1 
Prosthetic 
-0.06 
(0.09) 
-0.05 
(0.14) 
-0.05 
(0.10) 
-0.01 
(0.03) 
-0.09 
(0.09) 
-0.08 
(0.10) 
-0.10 
(0.10) 
-0.08 
(0.12) 
-0.08 
(0.08) 
-0.09 
(0.05) 
-0.07 
(0.05) 
-0.06 
(0.09) 
-0.04 
(0.08) 
-0.06 
(0.05) 
Intact 
0.03 
(0.17) 
-0.11 
(0.17) 
0.28 
(0.16) 
0.24 
(0.31) 
0.01 
(0.23) 
-0.06 
(0.27) 
0.08 
(0.17) 
0.03 
(0.27) 
0.09 
(0.25) 
0.18 
(0.34) 
0.13 
(0.31) 
-0.01 
(0.25) 
-0.02 
(0.29) 
0.06 
(0.15) 
KMY2 
Prosthetic 
-0.50 
(0.06) 
-0.55 
(0.11) 
-0.52 
(0.05) 
-0.53 
(0.08) 
-0.49 
(0.04) 
-0.48 
(0.11) 
-0.46 
(0.04) 
-0.47 
(0.11) 
-0.69 
(0.07) 
-0.67 
(0.12) 
-0.68 
(0.11) 
-0.34 
(0.09) 
-0.33 
(0.10) 
-0.41 
(0.09) 
Intact 
-0.76 
(0.19) 
-0.71 
(0.14) 
-0.93* 
(0.21) 
-0.81* 
(0.14) 
-0.69 
(0.14) 
-0.70 
(0.15) 
-0.64 
(0.17) 
-0.67 
(0.17) 
-0.87 
(0.19) 
-0.85 
(0.17) 
-0.86 
(0.11) 
-0.46 
(0.22) 
-0.43 
(0.22) 
-0.43 
(0.23) 
KMY3 
Prosthetic 
-0.13 
(0.04) 
-0.16 
(0.11) 
-0.17 
(0.05) 
-0.23 
(0.16) 
-0.14 
(0.04) 
-0.19 
(0.16) 
-0.13 
(0.04) 
-0.19 
(0.16) 
-0.12 
(0.04) 
-0.19 
(0.22) 
-0.12 
(0.03) 
-0.13 
(0.02) 
-0.19 
(0.13) 
-0.12 
(0.02) 
Intact 
-0.47 
(0.06) 
-0.40 
(0.16) 
-0.58 
(0.07) 
-0.50 
(0.19) 
-0.45 
(0.11) 
-0.44 
(0.12) 
-0.44 
(0.06) 
-0.43 
(0.11) 
-0.37 
(0.09) 
-0.35 
(0.11) 
-0.41 
(0.09) 
-0.40 
(0.08) 
-0.39 
(0.12) 
-0.42 
(0.08) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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Comparing with level ground normal speed walking condition, the changes with increased 
walking speed were only observed from the intact side, where all peaks in sagittal plane moments 
(KMY1, KMY2 and KMY3) were significantly increased. In camber walking when the intact side 
was higher, there was reduced stance flexor peak (KMY2) at the prosthetic side. In ascending 
slope, at the intact side, the maximum extensor moment (KMY1) and the maximum flexor 
moment (KMY2) were significantly increased. At the prosthetic side, higher peak values were 
found in the maximum stance flexor (KMY2). When walked down slope, there were significant 
reduces in the late stance flexor (KMY2) at both side and reduced internal rotator at the prosthetic 
knee. 
 
When comparing different prosthetic ankles/feet, it was found that the hydraulic ankles/feet 
enabled greater flexor moment during mid-stance (from about 15% of GC to 35%) compared with 
Esprit. The intact side showed greater stance flexor (KMY2) with Echelon foot when analyse 
level ground normal and fast speed walking together. 
8.4.5.3 Hip Moments 
The mean frontal and sagittal plane hip moments during slope ambulation, for the conventional 
TFA group at the prosthetic side and non-amputee group at the left side, are demonstrated in 
Figure 8-9 with the points of interest marked based on non-amputees’ data. The means and 
standard deviations of the points of interest are given in Table 8-11 with the same highlighting 
and marking method applied to Table 8-3. 
 
 
Hip adductor/abductor 
(+ve abductor) 
Hip flexor/extensor 
(+ve extensor) 
 
  
 
Figure 8-9: Mean curves of hip moments in frontal (left) and sagittal (right) planes for conventional TFA 
group (n=5) at the prosthetic side and non-amputee group (n=14) at the left side in slope ambulation. 
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Table 8-11: Means and standard deviations of the points of interest in hip moments (normalised by body mass, unit: Nm/kg) in the conventional amputee group (n=5, 20 
cycles in level ground fast walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point Side 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
HMX1 
Prosthetic 
0.47 
(0.19) 
0.45 
(0.19) 
0.38 
(0.12) 
0.34 
(0.11) 
0.45 
(0.17) 
0.43 
(0.18) 
0.39 
(0.19) 
0.40 
(0.21) 
0.37 
(0.14) 
0.39 
(0.16) 
0.41 
(0.14) 
0.49 
(0.22) 
0.46 
(0.22) 
0.53 
(0.32) 
Intact 
0.58 
(0.10) 
0.50 
(0.12) 
0.65* 
(0.23) 
0.56* 
(0.18) 
0.56* 
(0.14) 
0.51* 
(0.13) 
0.61* 
(0.13) 
0.58* 
(0.12) 
0.57 
(0.12) 
0.57 
(0.18) 
0.54 
(0.15) 
0.59 
(0.16) 
0.57 
(0.13) 
0.58 
(0.10) 
HMX2 
Prosthetic 
0.47 
(0.16) 
0.51 
(0.12) 
0.45 
(0.23) 
0.41 
(0.17) 
0.52 
(0.18) 
0.52 
(0.20) 
0.47 
(0.20) 
0.46 
(0.14) 
0.39* 
(0.10) 
0.44* 
(0.10) 
0.43* 
(0.10) 
0.54 
(0.25) 
0.54 
(0.20) 
0.52 
(0.30) 
Intact 
0.72 
(0.06) 
0.67 
(0.06) 
0.61 
(0.06) 
0.64 
(0.05) 
0.66 
(0.09) 
0.61 
(0.03) 
0.69 
(0.11) 
0.70 
(0.10) 
0.63 
(0.09) 
0.64 
(0.13) 
0.59 
(0.11) 
0.64* 
(0.09) 
0.56* 
(0.10) 
0.65* 
(0.05) 
HMX3 Intact 
-0.16 
(0.10) 
-0.14 
(0.12) 
-0.18 
(0.18) 
-0.22 
(0.15) 
-0.19 
(0.10) 
-0.18 
(0.10) 
-0.13 
(0.12) 
-0.16 
(0.08) 
-0.09 
(0.09) 
-0.10 
(0.09) 
-0.06 
(0.09) 
-0.16 
(0.16) 
-0.19 
(0.11) 
-0.16 
(0.16) 
HMY1 
Prosthetic 
0.43 
(0.19) 
0.44 
(0.14) 
0.67 
(0.39) 
0.53 
(0.17) 
0.52 
(0.18) 
0.48 
(0.16) 
0.53 
(0.22) 
0.47 
(0.18) 
0.64 
(0.19) 
0.62 
(0.20) 
0.64 
(0.18) 
0.46 
(0.16) 
0.44 
(0.14) 
0.42 
(0.14) 
Intact 
0.98 
(0.13) 
0.87 
(0.13) 
1.30* 
(0.40) 
0.95* 
(0.32) 
0.99* 
(0.10) 
0.87* 
(0.12) 
1.04 
(0.16) 
0.98 
(0.22) 
1.15 
(0.12) 
1.14 
(0.12) 
1.13 
(0.05) 
0.64 
(0.25) 
0.52 
(0.16) 
0.49 
(0.25) 
HMY2 
Prosthetic 
-0.88 
(0.32) 
-0.80 
(0.30) 
-0.93 
(0.41) 
-0.86 
(0.39) 
-0.92 
(0.32) 
-0.91 
(0.30) 
-0.89 
(0.31) 
-0.87 
(0.27) 
-0.69 
(0.25) 
-0.71 
(0.28) 
-0.72 
(0.26) 
-0.99 
(0.35) 
-0.95 
(0.33) 
-0.97 
(0.34) 
Intact 
-0.40 
(0.16) 
-0.40 
(0.20) 
-0.47 
(0.24) 
-0.53 
(0.22) 
-0.50 
(0.14) 
-0.48 
(0.29) 
-0.51 
(0.15) 
-0.47 
(0.24) 
-0.24 
(0.23) 
-0.33 
(0.17) 
-0.23 
(0.17) 
-0.57 
(0.17) 
-0.55 
(0.17) 
-0.58 
(0.13) 
HMY3 
Prosthetic 
0.24 
(0.10) 
0.25 
(0.14) 
0.30 
(0.13) 
0.35 
(0.14) 
0.26 
(0.10) 
0.26 
(0.14) 
0.25 
(0.10) 
0.27 
(0.12) 
0.22 
(0.10) 
0.22 
(0.14) 
0.22 
(0.08) 
0.23 
(0.07) 
0.25 
(0.05) 
0.23 
(0.06) 
Intact 
1.02 
(0.14) 
0.98 
(0.24) 
1.26 
(0.15) 
1.29 
(0.03) 
0.94 
(0.24) 
1.09 
(0.08) 
0.92 
(0.14) 
1.05 
(0.11) 
0.74 
(0.17) 
0.83 
(0.20) 
0.82 
(0.16) 
0.90 
(0.20) 
0.94 
(0.19) 
0.94 
(0.21) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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Compared with non-amputees, the abductor peaks (HMX1 and HMX2) at the prosthetic side were 
less obvious in the moment patterns. The magnitudes of the first abductor peaks (HMX1) were 
smaller in most walking conditions except level ground normal speed walking and descending 
slope. The second abductor peaks (HMX2) were smaller than non-amputees in ascending slope. 
At the intact side, there were greater extensor moments from late swing until about 50% of GC 
(outside non-amputee band at points HMY1 and HMY3). In additional, during descending slope, 
there were reduced first abductor peaks (HMX1) at intact side and greater flexor moments 
(HMY2) at the prosthetic side. 
 
In contrast with level ground normal speed walking, the increased walking speed leaded to 
significantly greater moment peaks in sagittal plane (HMY1, HMY2 and HMY3), while the 
second abductor moment (HMX2) significantly reduced at the intact side. During camber 
ambulation, when the prosthetic side is higher, there were reduced second abductor moment 
(HMX2) at the intact side and at the prosthetic side, there were increased magnitudes in second 
extensor peak and maximum flexor peak (HMY1 and HMY2). When walked from the opposite 
direction, the first abductor peak and maximum flexor moment (HMX1 and HMY2) at the intact 
side were higher and the prosthetic side showed significantly greater second extensor moment 
peak (HMY1). In ascending slope, the magnitudes in all frontal plane moment peaks significantly 
reduced except the first maximum abductor moment at the intact side. There was a shift towards 
extensor moment from about 5% of GC to 50% at the prosthetic side and from 5% to 70% at the 
intact side (significantly at points HMY1 and HMY2). There were significantly reduced late 
swing extensor moments (HMY3) at both sides. During down slope walking, the second abductor 
peak (HMX2) and the second extensor peak (HMY1) at the intact side were reduced and higher 
flexor moments (HMY2) was noticed from both sides. 
 
When the hydraulic ankles/feet were used compared with fixed ankle/foot, the intact side showed 
greater first abductor peak (HMX1) and second extensor peak (HMY1) in level ground and 
camber walking. During ascending slope, the post-hoc test shows the use of Echelon foot reduced 
the second abductor moment (HMX2) at the prosthetic side compared with Esprit and in downhill 
walking, the hydraulic ankles/feet caused greater second abductor (HMX2) peak at the intact side. 
8.4.6 Symmetrical Indices and Trend Symmetrical Indices 
The SIs and TSIs were computed in similar ways as for the non-amputees with some variables 
excluded based on the analysis of non-amputee’s results and observations in pilot test as discussed 
in Chapter 6 and 7. For the amputee calculations, a positive value in SI indicates a greater 
magnitude at the intact side and a negative value presents a higher magnitude at the prosthetic 
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side. For the RARs, a value that less than 1 indicates smaller ROM at the prosthetic side and a 
value greater than 1 means there is more ROM at the prosthetic side. 
8.4.6.1 Symmetry Indices 
The means and standard deviations of the SIs in spatial–temporal parameters for the conventional 
TFA group are provided in Table 8-12. As an absolute value that is below 10% is normally 
considered as an indication of symmetry in the spatial-temporal parameters, GRF peaks, and peak 
joint angles in sagittal plane, the SI values that exceed the ±10% band are marked in red colour 
and bold font. 
 
Almost all SI values in the spatial-temporal parameters exceeded the ±10% band in the 
conventional TFA group. The TFAs showed longer swing time, step time and step length for the 
prosthetic side and more stance time for the sound side, which agreed with the observation in pilot 
test.  
 
Compared with level ground normal speed walking, the camber walking with the intact side 
higher condition affected the SIs most, where significant improvements in the symmetry of swing 
time, step time and step length were found. This is mainly contributed by the two subjects with 
left side amputation (Subject ID TF2 and TF5). The SIs in these two subjects was changed from 
negative to positive, while the other subjects did not show a consistent improvement in the 
symmetry. The symmetry in step length was improved with fast speed walking and descending 
slope. Better symmetry was found in step time during descending slope and there was an 
improvement in swing time symmetry during ascending slope walking. The use of Esprit foot 
enabled better symmetry in step time when walked downhill and improved symmetry in stance 
time with increased walking speed. There was no significant difference found between Echelon 
and Elan foot in the SIs of spatial-temporal parameters. 
 
The means and standard deviations of the SIs in the peak values of GRFs in the conventional 
TFAs group are provided in Table 8-13 with the same highlighting and marking method applied 
to Table 8-12. 
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Table 8-12: Mean values and standard deviations of the SIs (%) in spatial–temporal parameters in the conventional amputee group (n=5, 20 cycles in level ground fast 
walking, 25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band. 
Parameter 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
Step Length 
-18.61 
(5.07) 
-18.45 
(4.02) 
-9.78 
(7.56) 
-13.96 
(11.42) 
-19.78 
(7.86) 
-19.52 
(4.07) 
-4.86 
(23.60) 
-2.41 
(11.88) 
-20.55 
(3.28) 
-14.14 
(6.03) 
-14.11 
(6.30) 
-14.21 
(8.02) 
-5.22 
(7.93) 
-10.22 
(11.41) 
Step Time 
-16.03 
(4.64 ) 
-13.80 
(5.21) 
-16.11 
(6.99) 
-15.08 
(2.93) 
-14.82 
(3.87) 
-14.25 
(4.76) 
-1.97 
(17.65) 
-5.01 
(13.44) 
-16.15 
(4.38) 
-14.44 
(4.14) 
-15.97 
(7.61) 
-14.14* 
(4.38) 
-9.58* 
(5.87) 
-13.15* 
(4.84) 
Stance Time 
13.21 
(6.64) 
10.96 
(4.25) 
12.28* 
(4.57) 
9.22* 
(5.80) 
10.34 
(1.82) 
11.56 
(4.98) 
13.58 
(10.04) 
11.34 
(11.72) 
10.32 
(2.49) 
9.32 
(2.78) 
11.17 
(3.56) 
12.53 
(2.49) 
10.09 
(3.87) 
11.80 
(3.59) 
Swing Time 
-20.92 
(4.56) 
-19.59 
(6.76) 
-18.18 
(4.12) 
-21.08 
(5.68) 
-16.53 
(1.55) 
-20.77 
(9.30) 
-1.77 
(19.34) 
-6.00 
(14.91) 
-19.13 
(2.39) 
-15.20 
(2.70) 
-17.63 
(2.62) 
-22.74 
(3.43) 
-17.76 
(3.96) 
-21.17 
(3.44) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
 Mean values that outside ±10% are marked in red colour and bold font. 
 
Table 8-13: Mean values and standard deviations of the SIs (%) in peak values of GRFs in the conventional amputee group (n=4, 15 cycles in level ground fast walking, 20 
cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
GRFX1 
26.95 
(26.40) 
11.58 
(24.86) 
65.13 
(31.27) 
34.93 
(41.35) 
2.69 
(39.42) 
20.67 
(27.84) 
-1.80 
(29.23) 
31.50 
(26.97) 
-13.81 
(25.89) 
19.50 
(15.33) 
3.97 
(57.07) 
84.92 
(27.05) 
93.32 
(26.14) 
76.09 
(32.74) 
GRFX2 
90.30 
(16.89) 
93.71 
(14.44) 
73.20 
(10.40) 
80.69 
(10.90) 
93.51 
(20.80) 
93.75 
(9.68) 
89.59 
(12.52) 
90.92 
(9.27) 
106.59 
(19.70) 
100.24 
(20.40) 
119.75 
(38.48) 
35.48 
(17.48) 
27.55 
(27.07) 
49.00 
(11.42) 
GRFZ1 
-2.38 
(13.52) 
2.46 
(10.47) 
7.47 
(16.11) 
10.50 
(11.69) 
0.50 
(13.77) 
3.48 
(15.23) 
-1.03 
(14.86) 
1.92 
(11.61) 
-0.83* 
(18.63) 
4.32* 
(15.58) 
1.62* 
(16.69) 
-0.80 
(16.17) 
0.35 
(14.56) 
-7.14 
(11.58) 
GRFZ2 
3.31 
(11.09) 
4.48 
(6.33) 
4.14 
(16.25) 
5.52 
(8.65) 
3.06 
(9.88) 
4.77 
(7.47) 
2.67 
(11.10) 
3.56 
(7.93) 
7.62 
(4.71) 
8.96 
(7.30) 
6.33 
(6.81) 
3.33 
(4.58) 
-1.04 
(2.77) 
2.39 
(3.23) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside ±10% are marked in red colour and bold font. 
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Most values that exceeded the normative (±10%) band were found in the anterior-posterior forces, 
especially in the posterior force peak (GRFX2). Except in descending slope, the positive and 
negative of SI values in anterior force peak (GRFX1) was not consistent among subjects and 
activities. It was significantly more asymmetrical during descending slope caused by the higher 
anterior forces (GRFX1) at the intact side. For increased walking speed and descending slope 
symmetry improved in posterior forces (GRFX2). In ascending slope, more asymmetry was found 
in the posterior forces (GRFX2) and second vertical force peaks (GRFZ2) due to the increased 
forces at intact limb. When the hydraulic ankles/feet were fused, generally the subjects applied 
more support forces at the prosthetic side during loading response and improved the symmetry in 
the first vertical force peak (GRFZ1). However, there was only a  it is only significant change 
when crossing analysing level ground normal speed walking and ascending slope. 
 
The means and standard deviations of the SIs in the peak values of sagittal plane joint angles in 
the conventional TFAs group are provided in Table 8-14 with the same highlighting and marking 
method applied to Table 8-12. 
 
Most of the differences compared with non-amputees were found in SIs of maximum stance ankle 
dorsiflexion (AAY3), maximum swing knee flexion (KAY4) and maximum extension at hip 
(HAY2). The differences in the mean values of SI in the maximum ankle dorsiflexion in late 
stance (AAY3) was mainly contributed by subject TF1, who showed much more asymmetry (e.g. 
SI= -24.40 during level ground normal speed walking with Echelon and SI=-11.57 with Esprit) in 
this variable compared with other subjects. There was relatively consistent asymmetry tendency in 
the knee swing flexion (KAY4) that there were greater flexion angles at the prosthetic knee. In 
most walking conditions, there were less hip extension peaks (HAY2) at the prosthetic side 
indicated by the positive values in SIs. However, in ascending slope when Esprit and Elan foot 
were fitted, there were negative values in SIs. There were some other SI variables that exceeded 
the ±10% band, including the SIs of maximum early stance plantarflexion (AAY2) when the 
Echelon and Esprit foot were used, hip flexion at initial contact (HAY1) with all three models of 
prosthetic ankles/feet, and maximum swing hip flexion (HAY3) when the Elan foot was fitted, but 
only happened in ascending slope. 
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Table 8-14: Mean values and standard deviations of the SIs (%) in sagittal plane joint angles in the conventional amputee group (n=5, 20 cycles in level ground fast walking, 
25 cycles in other activities) with highlights and marks representing ANOVA results and comparison with normative band.  
Point 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
AAY2 
1.69 
(8.59) 
2.98 
(3.98) 
3.32 
(9.87) 
6.44 
(7.50) 
2.63 
(7.22) 
4.09 
(5.98) 
0.07 
(10.38) 
2.02 
(8.42) 
10.62* 
(11.79) 
12.90* 
(8.53) 
6.48* 
(11.72) 
-2.77 
(12.62) 
-4.16 
(8.97) 
-1.79 
(12.05) 
AAY3 
-8.17 
(10.03) 
-2.17 
(6.96) 
-14.01* 
(10.85) 
-8.73* 
(6.25) 
-14.23** 
(8.03) 
-6.82** 
(8.39) 
-8.55** 
(10.77) 
-0.06** 
(10.61) 
-5.22** 
(10.29) 
0.06** 
(10.17) 
-5.28** 
(10.82) 
-1.71* 
(9.26) 
7.11* 
(7.05) 
0.21* 
(7.59) 
KAY4 
-16.44 
(7.92) 
-8.25 
(17.17) 
-17.83* 
(1.45) 
-12.15* 
(2.19) 
-22.83* 
(10.20) 
-18.14* 
(11.41) 
-11.44* 
(12.14) 
-5.91* 
(14.47) 
-17.96* 
(15.55) 
-12.34* 
(18.32) 
-15.15* 
(13.75) 
-16.57 
(7.98) 
-19.15 
(4.80) 
-14.74 
(9.52) 
HAY1 
3.84 
(21.41) 
4.94 
(17.18) 
8.77 
(22.58) 
1.76 
(14.15) 
0.21 
(18.88) 
2.89 
(18.00) 
7.53 
(17.09) 
9.69 
(19.32) 
14.96 
(17.02) 
16.02 
(13.58) 
18.57 
(16.40) 
5.91 
(24.97) 
5.28 
(22.96) 
2.54 
(26.78) 
HAY2 
34.04 
(25.76) 
46.53 
(17.25) 
-6.33 
(37.64) 
18.57 
(32.66) 
27.62 
(49.54) 
32.00 
(16.00) 
24.19 
(52.88) 
18.73 
(15.79) 
24.12 
(69.23) 
-14.74 
(80.51) 
-26.35 
(148.4) 
25.29 
(33.00) 
14.36 
(31.75) 
23.29 
(40.48) 
HAY3 
-4.47 
(18.80) 
-1.57 
(13.33) 
-4.94 
(11.28) 
2.38 
(6.34) 
-5.36 
(16.98) 
-1.37 
(13.13) 
2.95 
(15.93) 
7.09 
(14.90) 
8.12 
(16.78) 
7.63 
(13.73) 
10.12 
(15.66) 
-6.33 
(12.31) 
3.24 
(7.89) 
-4.37 
(13.03) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside ±10% are marked in red colour and bold font. 
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According to the statistical analysis results that compare other activities with level ground normal 
speed walking, more asymmetry appeared in maximum stance dorsiflexion (AAY3) while the 
absolute value of SIs reduced in the hip extension (HAY2) with increased walking speed. A 
significant increase in hip swing flexion SI (HAY3) was noticed in camber walking when the 
intact side was higher. In ascending slope, more asymmetry were found in ankle early stance 
extension (AAY2) and hip flexions (HAY1 and HAY3), while the symmetry at the ankle stance 
dorsiflexion (AAY3) and hip extension (HAY2) were improved. In descending slope, the average 
value of the early stance ankle extension SI (AAY2) was changed from positive to negative, and 
there were improved symmetry in maximum ankle stance dorsiflexion (AAY3) and maximum hip 
extension (HAY2). 
 
The use of hydraulic ankles/feet improved the symmetry at early stance ankle extension (AAY2), 
but only statistically significant when analyse level ground normal speed walking together with 
ascending slope. There were significant increases in the asymmetry in early stance ankle 
dorsiflexion (AAY3) and maximum knee swing flexion (KAY4) when the hydraulic ankle/feet 
were fitted compared with Esprit foot in most walking conditions. The post-hoc test results 
showed no significant difference between Echelon and Elan foot. 
 
The means and standard deviations of the SIs in the peak values of joint moments in the 
conventional TFAs group are presented in Table 8-15. As there is not a suggested threshold of 
symmetry in SIs calculated from joint moments, the same highlighting and marking method that 
applied to Table 8-3 is applied. 
 
Compared with non-amputees, the TFAs showed more asymmetry mainly in the maximum ankle 
plantarflexor moment (AMY1), knee swing flexor peak (KMY3), maximum hip flexor moment 
(HMY2) and maximum hip swing flexor (HMY3), where in most case the variables at the intact 
side showed a greater magnitudes except the maximum hip flexor (HMY2). 
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Table 8-15: Mean values and standard deviations of the SIs (%) in joint moments in the conventional amputee group (n=5, 15 cycles in level ground fast walking, 20 cycles 
in other activities) with highlights and marks representing ANOVA results with normative band.  
Point 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
AMX1 
29.58 
(41.08) 
26.83 
(16.08) 
21.23 
(61.46) 
19.88 
(28.55) 
7.38 
(27.37) 
23.15 
(17.50) 
15.58 
(30.23) 
24.40 
(23.17) 
12.83 
(14.83) 
26.36 
(27.83) 
18.80 
(30.39) 
45.38 
(2.66) 
45.22 
(17.70) 
35.11 
(19.04) 
AMY1 
17.85 
(13.52) 
20.20 
(8.40) 
20.67 
(15.63) 
23.25 
(7.94) 
17.34 
(4.51) 
22.24 
(7.69) 
16.05 
(8.61) 
19.85 
(9.13) 
20.25 
(8.25) 
20.35 
(7.29) 
18.98 
(8.11) 
22.32 
(9.22) 
22.65 
(7.15) 
23.18 
(5.88) 
AMZ1 
121.87 
(164.37) 
77.71 
(66.85) 
154.72 
(129.31) 
115.89 
(45.16) 
42.70 
(55.94) 
69.00 
(92.20) 
-7.65 
(148.25) 
58.76 
(74.66) 
-11.31 
(125.8) 
75.10 
(46.02) 
145.07 
(299.5) 
90.35 
(38.28) 
131.76 
(53.36) 
78.28 
(30.42) 
KMY2 
39.65 
(32.44) 
25.41 
(24.73) 
54.38* 
(19.64) 
41.08* 
(18.71) 
32.72 
(27.63) 
35.53 
(32.66) 
28.32 
(34.85) 
32.44 
(35.57) 
23.45 
(29.13) 
26.47 
(34.97) 
24.45 
(23.61) 
26.36 
(59.61) 
26.39 
(48.59) 
-3.94 
(55.57) 
KMY3 
112.22 
(22.04) 
111.01 
(29.23) 
110.38 
(24.52) 
107.73 
(20.62) 
101.56 
(23.76) 
112.81 
(28.27) 
105.52 
(18.44) 
110.76 
(22.64) 
101.23 
(27.77) 
107.25 
(34.88) 
109.44 
(29.72) 
102.43 
(25.55) 
104.86 
(14.01) 
107.70 
(23.76) 
HMX1 
25.36 
(50.71) 
16.77 
(48.35) 
46.86 
(59.33) 
48.70 
(41.78) 
12.45 
(35.28) 
21.67 
(38.94) 
33.01 
(33.42) 
43.83 
(61.52) 
36.22 
(33.97) 
20.65 
(23.20) 
15.79 
(38.21) 
2.76 
(48.36) 
2.30 
(44.71) 
-2.23 
(58.64) 
HMX2 
45.58 
(39.21) 
29.70 
(24.73) 
37.79 
(42.06) 
48.23 
(43.76) 
12.64 
(15.15) 
21.98 
(37.92) 
27.55 
(22.61) 
41.96 
(31.87) 
41.72 
(22.43) 
25.06 
(18.59) 
22.50 
(26.49) 
8.65* 
(25.64) 
-6.62* 
(7.05) 
6.29* 
(23.99) 
HMY2 
-77.12 
(44.35) 
-70.47 
(53.30) 
-66.20 
(61.14) 
-45.99 
(47.19) 
-58.37 
(37.12) 
-71.50 
(67.68) 
-54.29 
(35.18) 
-66.55 
(55.30) 
-132.30 
(118.5) 
-82.36 
(47.95) 
-117.15 
(62.66) 
-55.10 
(44.19) 
-54.34 
(40.51) 
-49.44 
(37.63) 
HMY3 
124.37 
(21.62) 
120.28 
(34.87) 
124.05 
(27.74) 
116.17 
(24.50) 
114.88 
(22.96) 
126.20 
(31.31) 
117.22 
(19.82) 
121.05 
(25.17) 
113.29 
(29.73) 
118.99 
(34.96) 
119.24 
(32.20) 
117.07 
(33.36) 
112.58 
(26.62) 
119.75 
(30.34) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor F):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor C): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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According to the statistical analysis results that compare other activities with level ground normal 
speed walking, the camber surface leaded to improved symmetry in ankle abductor peak (AMZ1) 
when the prosthetic side is higher compared with level ground normal speed walking, but there 
was more asymmetry in the first hip abductor peak (HMX1) when walked from the opposite 
direction. In ascending slope, more asymmetry was noticed in maximum hip flexor (HMY2) 
while the symmetry of maximum knee stance flexor peak (KMY2) was improved. In descending 
slope, the symmetry in most ankle moments (AMX1 and AMY1) were reduced, while in the knee 
external rotator peak (KMZ1), second hip abductor peak (HMX2) and the maximum hip flexor 
moment (HMZ1), the SIs indicates there were better symmetry. 
 
Improved symmetry was also found with Esprit in knee stance flexor peak (KMY2) with 
increased walking speed and second hip abductor peak (HMX2) during descending slope. 
8.4.6.2 Trend Symmetry Indices and Range Amplitude Ratios 
The means and standard deviations of the TSIs in joint angles in the conventional TFA group are 
given in Table 8-16. Although a value of 0.95 is used for non-amputees, as the TFAs showed 
comparatively less symmetry compared with non-amputees, a reduced threshold (0.90) was used 
and the mean values that exceeded the confidence interval are marked in red colour and bold font. 
The frontal plane ankle angle TSIs and the sagittal plane pelvic angle TSIs are excluded due to the 
relatively lower values observed from non-amputee subjects. The frontal plane and the transverse 
plane knee angle TSIs are also excluded as the prosthetic knee designs do not support motion in 
these two planes. 
 
The ankle dorsiflexion/plantarflexion, hip adduction/abduction and the pelvic angles showed 
relatively less trend symmetry (TSIs below 0.90 in most activities), while better symmetry was 
found in the ankle adduction/abduction, knee flexion/extension and hip flexion/extension, 
especially in the hip flexion/extension angles where the mean values of TSI are within the non-
amputee subject’s normal range (0.95) during all walking conditions. 
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Table 8-16: Mean values and standard deviations of the TSIs in joint angles in the conventional amputee group (n=5, 20 cycles in level ground fast walking, 25 cycles in 
other activities) with highlights and marks representing ANOVA results and comparison with expanded normative band.  
Parameter 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
Ankle angle 
 – sagittal plane 
0.72 
(0.03) 
0.73 
(0.08) 
0.66 
(0.11) 
0.66 
(0.09) 
0.65 
(0.07) 
0.73 
(0.03) 
0.72 
(0.08) 
0.79 
(0.11) 
0.80 
(0.05) 
0.83 
(0.02) 
0.82 
(0.05) 
0.67 
(0.13) 
0.74 
(0.09) 
0.71 
(0.14) 
Ankle angle 
 – transverse plane 
0.94 
(0.04) 
0.95 
(0.02) 
0.92 
(0.06) 
0.90 
(0.06) 
0.90 
(0.07) 
0.91 
(0.05) 
0.93 
(0.03) 
0.94 
(0.05) 
0.93 
(0.06) 
0.90 
(0.11) 
0.93 
(0.05) 
0.94 
(0.02) 
0.93 
(0.03) 
0.94 
(0.03) 
Knee angle 
 – sagittal plane 
0.93 
(0.04) 
0.93 
(0.08) 
0.91 
(0.04) 
0.91 
(0.04) 
0.94 
(0.04) 
0.93 
(0.06) 
0.93 
(0.06) 
0.93 
(0.06) 
0.92 
(0.05) 
0.93 
(0.04) 
0.89 
(0.07) 
0.94 
(0.04) 
0.93 
(0.04) 
0.93 
(0.05) 
Hip angle 
 – frontal plane 
0.86 
(0.11) 
0.77 
(0.24) 
0.74 
(0.08) 
0.73 
(0.21) 
0.76 
(0.29) 
0.80 
(0.18) 
0.87 
(0.09) 
0.79 
(0.19) 
0.91 
(0.08) 
0.89 
(0.06) 
0.94 
(0.04) 
0.72 
(0.24) 
0.76 
(0.21) 
0.72 
(0.30) 
Hip angle 
 – sagittal plane 
0.96 
(0.04) 
0.97 
(0.03) 
0.95* 
(0.06) 
0.98* 
(0.03) 
0.97 
(0.02) 
0.97 
(0.02) 
0.97* 
(0.03) 
0.98* 
(0.02) 
0.97 
(0.02) 
0.97 
(0.02) 
0.96 
(0.03) 
0.95 
(0.05) 
0.95 
(0.04) 
0.95 
(0.03) 
Pelvic angle 
 – frontal plane 
0.76 
(0.37) 
0.93 
(0.04) 
0.74 
(0.20) 
0.86 
(0.11) 
0.77 
(0.29) 
0.85 
(0.15) 
0.75 
(0.31) 
0.91 
(0.06) 
0.97 
(0.01) 
0.97 
(0.02) 
0.98 
(0.01) 
0.85 
(0.22) 
0.86 
(0.21) 
0.83 
(0.24) 
Pelvic angle 
 – transverse plane 
0.93 
(0.05) 
0.92 
(0.03) 
0.87 
(0.06) 
0.83 
(0.11) 
0.90 
(0.09) 
0.93 
(0.03) 
0.89 
(0.10) 
0.92 
(0.05) 
0.85 
(0.17) 
0.76 
(0.31) 
0.85 
(0.20) 
0.95 
(0.03) 
0.89 
(0.09) 
0.94 
(0.04) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that fall below 0.90 are marked in red colour and bold font. 
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According to the statistical analysis results that compare other activities with level ground normal 
speed walking, both fast speed walking and camber walking with prosthetic side higher reduced 
the symmetry in ankle adduction/abduction. More asymmetry in the pelvic rotations was found in 
fast walking speed and up slope walking. Ascending slope led to better symmetry in sagittal plane 
ankle angles and pelvic obliquity angles, while descending slope caused a reduced in the TSI of 
hip flexion/extension. When cross analysing level ground normal speed walking with fast speed 
walking and camber ambulation with intact side higher, the use of Esprit foot presented 
significantly higher TSI values in the hip flexion/extension compared with Echelon. 
 
The means and standard deviations of the TSIs in joint moments and GRFs in the conventional 
TFAs group are given in Table 8-17 with the same highlighting and marking method that applied 
to Table 8-16. 
 
Although a reduced threshold (0.90) was applied, most of the TSIs in joint moments were outside 
the confidence interval. The trend symmetry in sagittal plane ankle moments, frontal plane knee 
moments, frontal plane hip moments and sagittal plane hip moments was comparatively better as 
most values were above 0.80. The GRFs showed better trend symmetry especially in anterior-
posterior forces and vertical forces, where most of the mean TSI values were within or very close 
to the normal subjects’ range (0.95). The medial-lateral forces showed less symmetry in tendency, 
but except descending slope, all TSIs were above 0.80.  
 
The increased waking speed significantly reduced the symmetry in sagittal plane ankle moments, 
frontal plane hip moments and vertical forces and ascending slope significantly reduced the 
symmetry in sagittal plane knee moments, forward-backward GRFs and vertical GRFs. During 
descending slope, the frontal plane ankle and knee moments were improved in trend symmetry, 
while the sagittal plane ankle and hip moments, the anterior-posterior and medial-lateral GRFs 
showed reduced symmetry. 
 
The hydraulic ankles/feet leaded significantly improved symmetry in ankle 
dorsiflexor/plantarflexor moments in all activities and there were better symmetry in hip 
adductor/abductor moments and anterior-posterior GRFs in most cases (but not at statistically 
significant level in all walking conditions). The Esprit foot showed an improvement in knee 
flexor/extensor symmetry compared with Echelon foot except descending slope condition. 
 
The interaction (Factor F X Factor C) significant effect was found in the sagittal plane ankle 
moment TSI, between level ground normal speed walking and descending slope (p<0.0005). 
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Table 8-17: Mean values and standard deviations of the TSI in joint moments and GRFs in the conventional amputee group (n=5, 15 cycles in level ground fast walking, 20 
cycles in other activities) with highlights and marks representing ANOVA results and comparison with expanded normative band. 
Parameter 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
Ankle moment 
 – frontal plane 
0.74 
(0.17) 
0.82 
(0.08) 
0.84 
(0.02) 
0.80 
(0.03) 
0.82 
(0.09) 
0.83 
(0.09) 
0.79 
(0.13) 
0.75 
(0.14) 
0.77 
(0.09) 
0.82 
(0.07) 
0.80 
(0.08) 
0.91 
(0.09) 
0.95 
(0.05) 
0.91 
(0.06) 
Ankle moment 
 – sagittal plane 
0.91 
(0.03) 
0.89 
(0.04) 
0.86 
(0.07) 
0.84 
(0.06) 
0.92** 
(0.05) 
0.88** 
(0.06) 
0.91** 
(0.04) 
0.88** 
(0.05) 
0.93* 
(0.02) 
0.90* 
(0.02) 
0.91* 
(0.03) 
0.89*** 
(0.03) 
0.79*** 
(0.03) 
0.89*** 
(0.04) 
Ankle moment 
 – transverse plane 
0.71 
(0.26) 
0.80 
(0.16) 
0.77 
(0.14) 
0.86 
(0.16) 
0.68 
(0.36) 
0.59 
(0.30) 
0.82 
(0.11) 
0.74 
(0.27) 
0.86 
(0.10) 
0.82 
(0.21) 
0.54 
(0.36) 
0.84 
(0.08) 
0.83 
(0.17) 
0.72 
(0.20) 
Knee moment 
 – frontal plane 
0.79 
(0.14) 
0.83 
(0.11) 
0.81 
(0.09) 
0.83 
(0.09) 
0.85 
(0.09) 
0.83 
(0.10) 
0.87 
(0.10) 
0.85 
(0.09) 
0.73 
(0.18) 
0.84 
(0.05) 
0.77 
(0.14) 
0.87 
(0.10) 
0.89 
(0.06) 
0.91 
(0.07) 
Knee moment 
 – sagittal plane 
0.72 
(0.16) 
0.82 
(0.06) 
0.75* 
(0.09) 
0.81* 
(0.05) 
0.78* 
(0.10) 
0.82* 
(0.08) 
0.71* 
(0.15) 
0.77* 
(0.09) 
0.51* 
(0.34) 
0.63* 
(0.21) 
0.62* 
(0.22) 
0.78 
(0.17) 
0.83 
(0.08) 
0.74 
(0.20) 
Knee moment 
 – transverse plane 
0.69 
(0.24) 
0.74 
(0.15) 
0.75 
(0.21) 
0.72 
(0.14) 
0.74 
(0.13) 
0.82 
(0.08) 
0.70 
(0.15) 
0.74 
(0.14) 
0.65 
(0.07) 
0.71 
(0.12) 
0.66 
(0.12) 
0.68 
(0.25) 
0.76 
(0.28) 
0.74 
(0.16) 
Hip moment 
 – frontal plane 
0.90 
(0.03) 
0.88 
(0.04) 
0.89* 
(0.04) 
0.86* 
(0.05) 
0.90 
(0.02) 
0.89 
(0.03) 
0.90 
(0.02) 
0.90 
(0.04) 
0.89 
(0.03) 
0.86 
(0.07) 
0.86 
(0.10) 
0.89* 
(0.05) 
0.89* 
(0.05) 
0.92* 
(0.03) 
Hip moment 
 – sagittal plane 
0.86 
(0.05) 
0.86 
(0.07) 
0.85 
(0.05) 
0.86 
(0.04) 
0.88 
(0.05) 
0.84 
(0.07) 
0.90 
(0.04) 
0.85 
(0.06) 
0.87 
(0.07) 
0.87 
(0.05) 
0.87 
(0.08) 
0.82 
(0.02) 
0.80 
(0.05) 
0.82 
(0.03) 
Hip moment 
 – transverse plane 
0.78 
(0.07) 
0.79 
(0.06) 
0.84 
(0.06) 
0.76 
(0.12) 
0.80 
(0.09) 
0.79 
(0.07) 
0.79 
(0.09) 
0.74 
(0.10) 
0.80 
(0.16) 
0.79 
(0.17) 
0.77 
(0.21) 
0.63 
(0.35) 
0.68 
(0.30) 
0.62 
(0.21) 
GRF – 
anterior/posterior 
0.98 
(0.02) 
0.96 
(0.02) 
0.99* 
(0.00) 
0.97* 
(0.01) 
0.97 
(0.02) 
0.97 
(0.02) 
0.97 
(0.01) 
0.96 
(0.03) 
0.95 
(0.03) 
0.97 
(0.01) 
0.96 
(0.01) 
0.97*** 
(0.01) 
0.93*** 
(0.03) 
0.98*** 
(0.01) 
GRF 
 – lateral/medial 
0.91 
(0.05) 
0.88 
(0.08) 
0.85 
(0.10) 
0.88 
(0.04) 
0.91 
(0.04) 
0.81 
(0.16) 
0.86 
(0.08) 
0.83 
(0.08) 
0.85 
(0.07) 
0.84 
(0.12) 
0.88 
(0.08) 
0.74 
(0.18) 
0.74 
(0.20) 
0.78 
(0.19) 
GRF 
 - vertical 
0.96 
(0.02) 
0.96 
(0.02) 
0.93 
(0.03) 
0.94 
(0.03) 
0.96 
(0.02) 
0.94 
(0.05) 
0.96 
(0.02) 
0.95 
(0.03) 
0.94 
(0.02) 
0.95 
(0.03) 
0.95 
(0.03) 
0.95 
(0.01) 
0.96 
(0.01) 
0.96 
(0.02) 
               
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that fall below 0.90 are marked in red colour and bold font. 
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Table 8-18: Mean values and standard deviations of the RARs in the conventional amputee group (n=5, 20 cycles in level ground fast walking, 25 cycles in other activities) 
with highlights and marks representing ANOVA results comparison with normative band.  
Parameter 
Level ground normal 
speed walking 
Level ground fast speed 
walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
Ankle angle 
 – frontal plane 
0.56 
(0.25) 
0.54 
(0.30) 
0.55 
(0.29) 
0.50 
(0.22) 
0.62 
(0.32) 
0.49 
(0.18) 
0.70 
(0.35) 
0.72 
(0.33) 
0.49 
(0.15) 
0.63 
(0.26) 
0.47 
(0.18) 
0.51 
(0.27) 
0.50 
(0.25) 
0.48 
(0.24) 
Ankle angle 
 – sagittal plane 
0.63 
(0.10) 
0.56 
(0.10) 
0.59* 
(0.08) 
0.52* 
(0.08) 
0.60** 
(0.12) 
0.51** 
(0.14) 
0.64*** 
(0.11) 
0.52*** 
(0.08) 
0.46*** 
(0.08) 
0.40*** 
(0.06) 
0.42*** 
(0.08) 
0.87*** 
(0.06) 
0.65*** 
(0.11) 
0.87*** 
(0.09) 
Ankle angle 
 – transverse plane 
0.27 
(0.02) 
0.30 
(0.02) 
0.30** 
(0.07) 
0.38** 
(0.07) 
0.31 
(0.05) 
0.30 
(0.06) 
0.30 
(0.07) 
0.31 
(0.09) 
0.25 
(0.05) 
0.28 
(0.07) 
0.26 
(0.07) 
0.29 
(0.08) 
0.32 
(0.10) 
0.26 
(0.08) 
Knee angle 
 – sagittal plane 
1.15 
(0.16) 
1.06 
(0.19) 
1.17* 
(0.12) 
1.08* 
(0.05) 
1.17* 
(0.12) 
1.10* 
(0.14) 
1.18* 
(0.17) 
1.12* 
(0.18) 
1.22* 
(0.15) 
1.15* 
(0.17) 
1.19* 
(0.14) 
1.16 
(0.14) 
1.19 
(0.13) 
1.14 
(0.16) 
Hip angle 
 – frontal plane 
0.60 
(0.22) 
0.71 
(0.25) 
0.77 
(0.10) 
0.80 
(0.12) 
0.71 
(0.42) 
0.76 
(0.30) 
0.61 
(0.15) 
0.76 
(0.36) 
0.97 
(0.37) 
1.02 
(0.30) 
1.05 
(0.36) 
0.82 
(0.15) 
0.85 
(0.09) 
0.78 
(0.13) 
Hip angle 
 – sagittal plane 
0.94 
(0.13) 
0.91 
(0.11) 
0.99 
(0.05) 
0.94 
(0.08) 
0.93 
(0.13) 
0.92 
(0.11) 
0.95 
(0.13) 
0.92 
(0.13) 
0.88 
(0.15) 
0.91 
(0.14) 
0.87 
(0.13) 
0.95 
(0.12) 
0.93 
(0.07) 
0.92 
(0.19) 
Hip angle 
 – transverse plane 
0.95 
(0.54) 
0.95 
(0.37) 
1.14 
(0.65) 
1.03 
(0.46) 
0.96 
(0.44) 
0.91 
(0.38) 
0.98 
(0.56) 
0.97 
(0.41) 
1.01 
(0.40) 
1.17 
(0.61) 
0.95 
(0.44) 
0.90 
(0.34) 
0.88 
(0.43) 
0.87 
(0.38) 
Pelvic angle 
 – frontal plane 
1.02 
(0.05) 
1.01 
(0.10) 
0.97 
(0.13) 
0.88 
(0.11) 
0.99 
(0.04) 
0.97 
(0.09) 
0.97 
(0.03) 
0.94 
(0.06) 
0.99 
(0.08) 
1.04 
(0.18) 
0.99 
(0.13) 
0.93 
(0.07) 
1.00 
(0.10) 
0.96 
(0.07) 
Pelvic angle 
 – sagittal plane 
1.02 
(0.10) 
1.14 
(0.14) 
1.15 
(0.13) 
1.04 
(0.06) 
1.03 
(0.05) 
1.04 
(0.12) 
1.14 
(0.12) 
1.08 
(0.10) 
1.06* 
(0.08) 
1.13* 
(0.10) 
1.05* 
(0.11) 
1.06 
(0.05) 
1.06 
(0.06) 
1.04 
(0.06) 
Pelvic angle 
 – transverse plane 
0.83 
(0.12) 
0.84 
(0.11) 
0.92 
(0.15) 
0.95 
(0.19) 
1.07* 
(0.14) 
0.92* 
(0.04) 
1.03 
(0.22) 
0.95 
(0.11) 
0.92 
(0.23) 
0.94 
(0.02) 
0.96 
(0.09) 
0.89 
(0.12) 
0.98 
(0.18) 
0.98 
(0.15) 
 
Two-way ANOVA results that compare other activities with level ground normal speed walking (Factor C):  p<0.05  p<0.005  p<0.0005 
Two-way ANOVA results that compare different prosthetic ankles/feet (Factor F): * p<0.05 ** p<0.005 *** p<0.0005 
Mean values that outside the non-amputee band (± 2 standard deviations of the non-amputee group) are marked in red colour and bold font. 
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The means and standard deviations of the RARs in joint angles in the conventional TFAs group 
are given in Table 8-18 with the same highlighting and marking method that applied to Table 8-3. 
The RARs in knee adduction/abduction and horizontal rotation were excluded due to the 
prosthetic knee design as previously mentioned. 
 
The RAR values that exceed the non-amputee band were found in sagittal plane and frontal plane 
ankle angles, knee flexion/extension angles, some frontal plane hip angles and the sagittal plane 
hip angles during ascending slope. Except the knee flexion/extension angles, all other variables 
showed less ROM in the prosthetic limb indicated by the RAR values. 
 
The increased walking speed enhanced the ROM difference between the prosthetic and intact 
knee flexion/extension and reduced the ROM difference in transverse plane ankle angles. The 
transverse plane pelvic RARs was improved in camber and slope ambulation. In ascending slope, 
the differences in the sagittal plane ankle, knee and hip ROM were enhanced while the in frontal 
plane hip angles there was reduced differences. The downhill walking improved RARs in ankle 
dorsiflexion/plantarflexion and hip adduction/abduction, but increased the difference in knee 
flexion/extension ROM at the same time. 
 
When the hydraulic ankles/feet were used, more similar ROM between two sides was observed in 
ankle dorsiflexion/plantar flexion in all activities and there were increased differences in ROM in 
knee flexion/extension in most of the activities. Significant differences caused by different models 
of prosthetic ankles/feet were also found in the ROM of pelvic tilt during uphill walking and in 
the ROM of pelvic horizontal rotation during camber ambulation. 
8.4.7 Subject Questionnaire 
The group A questions in the questionnaire were completed by subjects after they finished the 
relevant walking conditions and the results are summarised in Table 8-19. 
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Table 8-19: Mean values (1: strongly disagree; 2: disagree; 3: neutral; 4: agree; 5: strongly agree) and standard deviations of ranting results of Group A questions in 
questionnaire in the conventional amputee group (n=5) with highlights representing one-way ANOVA results (comparison of different prosthetic ankles/feet in the same 
activity). 
Questions 
Level ground normal 
speed walking 
Level ground fast 
speed walking 
Camber walking 
prosthetic side higher 
Camber walking 
intact side higher 
Ascending slope Descending slope 
Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Echelon Esprit Elan Echelon Esprit Elan 
1. This ankle makes me feel stable 
when I swing my sound leg. 
4.8 
(0.4) 
3.0 
(1.4) 
4.5+ 
(1.0) 
3.0+ 
(1.6) 
4.6 
(0.5) 
3.0 
(1.4) 
4.4 
(0.5) 
2.8 
(1.5) 
4.0 
(1.0) 
3.4 
(1.1) 
4.2 
(0.8) 
4.0 
(1.0) 
1.8 
(1.1) 
4.2 
(0.8) 
2. This ankle makes my prosthesis hard 
to swing as I walk. 
1.6 
(0.5) 
3.2 
(1.8) 
1.8+ 
(0.5) 
2.7++ 
(1.5) 
1.8 
(0.7) 
2.6 
(1.1) 
2.0 
(0.7) 
2.4 
(0.9) 
2.4 
(0.9) 
2.4 
(1.3) 
1.8 
(0.8) 
2.2 
(0.8) 
3.2 
(1.3) 
2.0 
(0.7) 
3. This ankle makes me feel off balance 
during walking. 
1.6 
(0.9) 
3.0 
(1.0) 
1.5+ 
(1.0) 
3.25+ 
(1.0) 
1.4 
(0.5) 
3.6 
(1.1) 
1.4 
(0.5) 
3.6 
(1.1) 
2.2 
(1.3) 
2.8 
(1.3) 
1.2 
(0.4) 
1.8 
(0.8) 
4.6 
(0.5) 
1.6 
(0.5) 
4. This ankle does not provide enough 
motion and limit my movement. 
1.6 
(0.9) 
4.6 
(0.9) 
1.5+ 
(1.0) 
4.75+ 
(0.5) 
1.8 
(0.8) 
4.4 
(0.9) 
1.4 
(0.5) 
4.4 
(0.9) 
1.8 
(1.3) 
3.6 
(1.1) 
1.2 
(0.4) 
1.8 
(1.3) 
4.8 
(0.4) 
1.4 
(0.5) 
5. Overall, this ankle makes me feel 
safe and confident during walking. 
4.6 
(0.5) 
2.2 
(0.8) 
4.75+ 
(0.5) 
2.25+ 
(1.0) 
4.6 
(0.5) 
2.2 
(0.8) 
4.6 
(0.5) 
2.2 
(0.8) 
4.2 
(0.8) 
3.0 
(1.4) 
4.8 
(0.4) 
3.8 
(1.3) 
1.4 
(0.5) 
4.4 
(0.5) 
               
One-way ANOVA results (p-value)      p<0.05  p<0.005  p<0.0005         
               
+ One subject rated NA (not applicable) in this question.           
++ Two subjects rated NA (not applicable) in this question.           
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In all walking conditions, the hydraulic ankles/feet got higher rating (1.6 higher than Esprit on 
average) in the confirmation of stability during single prosthetic side support phase (Question 1), 
especially during camber ambulation (p=0.035 when walked in either direction). There was no 
significant difference in the rating on swing difficulty (Question 2) among three models of 
prosthetic feet, however, the subjects felt that the Esprit foot was slightly more difficult to swing 
in most of the activities. The rating of off balance feeling (Question 3) caused by the prosthetic 
ankles/feet is a verification question regards stability and similar to the confirmation of stability, 
the rating in camber ambulation showing the Esprit foot brought significantly more off balance 
feeling (p=0.01 when walked in either direction). Significant difference was also found in 
descending slope, where Esprit foot got 2.9 higher rating on average (p=0.001 when compared 
with either Echelon or Elan. Both subject TF3 and TF5 commented the Esprit foot made them feel 
very unsafe during downhill walking and more control at the hip and pelvic were required. The 
subject TF5 also commented that the Esprit foot reduced the comfort with fitting socket. In all 
activities, hydraulic ankles/feet got significantly higher rating in providing enough motion 
(Question 4) and feeling safe and confident during walking (Question 5) compared with the fixed 
ankle. In slope ambulation, although the Elan foot received slightly better rating results compared 
with Echelon, according to the post-hoc test there was no significant differences between the two 
hydraulic ankles/feet. 
 
The group B questions in questionnaire were completed by subjects after they had finished all 
tests with one prosthetic ankle/foot and the results are summarised in Table 8-20. 
  
Chapter 8.Main Gait Study with Conventional Amputees 
 
202 
Table 8-20: Mean values (1: strongly disagree; 2: disagree; 3: neutral; 4: agree; 5: strongly agree) and 
standard deviations of rating results of Group B questions in questionnaire with highlights representing one-
way ANOVA results (comparison of different prosthetic ankles/feet in the same activity). 
Questions Echelon Esprit Elan 
1. The current ankle adds noticeable weight to my prosthesis. 
2.8 
(1.5) 
2.2 
(1.1) 
2.8 
(1.5) 
2. If I have pain in my residual limb, this ankle reduces it. 
4.0+ 
(0.8) 
1.4 
(0.5) 
4.3++ 
(1.2) 
3. This ankle increases comfort during walking. 
4.4 
(0.5) 
1.2 
(0.4) 
4.6 
(0.5) 
4. This ankle makes my prosthesis harder to swing as I walk. 
1.8 
(0.4) 
2.6 
(1.1) 
2.0 
(1.2) 
5. This ankle enables me to walk longer distances. 
4.4 
(0.5) 
1.2 
(0.4) 
4.2 
(0.8) 
6. This ankle increases the effort to walk. 
1.4 
(0.5) 
4.8 
(0.4) 
1.6 
(0.5) 
7. I am able to walk faster with this ankle. 
4.4 
(0.5) 
2.0 
(1.0) 
4.2 
(0.8) 
8. Walking feels smoother with this ankle. 
4.6 
(0.5) 
1.2 
(0.4) 
4.6 
(0.5) 
9. This ankle makes me feel like I am stepping into a hole. 
2.0+ 
(1.2) 
1.8+ 
(1.0) 
1.5+ 
(1.0) 
10. This ankle reduces twisting between my socket and residual limb. 
3.8 
(0.8) 
1.6 
(0.9) 
3.6 
(0.9) 
11. This ankle increases my comfort during standing. 
4.0 
(1.2) 
1.2 
(0.4) 
3.6 
(1.7) 
12. This ankle decreases stability during standing. 
2.6 
(1.8) 
4.2 
(0.8) 
2.0 
(1.7) 
13. This ankle makes me feel unstable during walking. 
1.4 
(0.5) 
4.0 
(0.7) 
1.2 
(0.4) 
14. This ankle allows me to be more active. 
4.2 
(0.8) 
1.4 
(0.5) 
3.6 
(1.5) 
15. This ankle enables me to turn easier. 
4.2 
(0.8) 
1.6 
(0.9) 
4.0 
(1.0) 
16. It is easier for me to walk up an incline with this ankle. 
4.4 
(0.5) 
2.0 
(1.2) 
4.8 
(0.4) 
17. It is easier for me to walk down an incline with this ankle. 
4.4 
(0.5) 
1.0 
(0.0) 
4.6 
(0.5) 
18. This ankle makes it easier for me to walk on uneven ground. 
4.4 
(0.5) 
1.6 
(0.9) 
4.6 
(0.5) 
19. This ankle provides too much motion. 
1.4 
(0.5) 
1.4 
(0.9) 
1.4 
(0.9) 
20. This ankle doesn’t provide enough motion. 
1.2 
(0.4) 
4.6 
(0.9) 
2.4 
(1.3) 
21. This ankle makes my prostheses feel less rigid. 
3.2 
(1.5) 
1.2 
(0.4) 
3.2 
(1.6) 
22. This ankle makes me feel like I’m walking up hill. 
1.8+ 
(1.0) 
2.5+ 
(1.9) 
2.0+ 
(1.2) 
23. This ankle makes me feel like I’m walking down hill. 
1.8+ 
(1.0) 
3.5+ 
(2.0) 
2.0+ 
(1.2) 
24. This ankle makes me stub my toe more during swing. 
2.0 
(1.0) 
2.8+ 
(0.5) 
1.6 
(0.9) 
25. Overall, this ankle provides me with greater comfort. 
4.4 
(0.5) 
1.4 
(0.5) 
4.4 
(0.5) 
26. I like having this ankle in my prosthesis. 
4.8 
(0.4) 
1.0 
(0.0) 
4.8 
(0.4) 
    
One-way ANOVA results (p-value)      p<0.05  p<0.005  p<0.0005 
    
+ One subject rated NA (not applicable) in this question.    
++ Two subjects rated NA (not applicable) in this question.    
 
The questions in group B can be divided into 5 aspects: 
1. Question 1, 4 and 24 are regarding swing prosthetic leg; 
The hydraulic ankles/feet added about 0.5kg to the total prostheses weight and therefore 
hydraulic ankles/feet received 0.6 higher in average in question 1 compared with Esprit. 
The only significant difference in this aspect was found in question 24, where subjects felt 
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it is less likely to stub the prosthetic toe when the Elan foot was used compared with 
Esprit. 
2. Question 5, 6, 7 and 14 rate walking efficiency; 
Obvious differences were noticed from all questions in this aspect, where the subjects 
agreed that the hydraulic ankles/feet enable faster and more efficient walking. 
3. Question 8, 12, 13, 21, 22 and 23 are evaluating the balance between stability and 
flexibility during prosthetic side stance; 
A suitable stiffness is required to maintain the stability without reduce the smoothness 
during roll-over. Significant differences were found in question 8, 12, 13 and 21 and in 
most case both Echelon and Elan foot got significantly better rating results compared with 
Esprit except in question 12, where only the rating for Elan foot is lower than Esprit at 
statistical significant level. 
4. Question 15, 16, 17, 18, 19 and 20 are inspecting the ability of prosthetic ankle/foot to 
adapt to inclined surface and changing walking direction; 
Except question 19, the hydraulic ankles/feet were considered to be much more capable in 
adaption of uneven ground condition and providing enough motion compared with fixed 
ankle design. Question 19 is regarding if there is excessive motion at the ankle and none 
of three models of ankles/feet were considered to provide too much movement. 
5. Question 2, 3, 9, 10, 11, 25 and 26 are relevant to overall comfort and happiness. 
Except question 9, the hydraulic ankles/feet had significantly greater comfort during 
walking and standing. Question 9 is evaluating the damping during loading response and 
none of the prosthetic ankles/feet showed relevant issues. 
8.5 Discussion 
As outlined in Chapter 1 (Section 1.5), the null hypothesis for the conventional TFA work is “the 
sagittal plane ankle moment TSI of unilateral TFAs will not be improved when the hydraulic 
articular prosthetic ankles/feet (Echelon and Elan) are used compared with fixed ankles/feet 
(Esprit)” and the primary outcome measure is the TSI of sagittal plane ankle moment. The results 
of the primary outcome measure showed that there were significantly greater TSI values in the 
sagittal plane ankle moment when the hydraulic ankles/feet were used during almost all walking 
conditions except level ground fast speed walking. Therefore, the null hypothesis of this research 
is rejected. The secondary outcome measures are (1) spatial-temporal parameters, (2) GRFs, (3) 
the pelvic and lower joint angles, (4) lower joint moments, (5) SI at selected points of interest in 
kinematic and kinetic variables, (6) TSI in other kinematic and kinetic patterns, (7) RAR in the 
pelvic and lower joint angles, and (8) subjective rating of the performance of the different 
prosthetic ankle/feet during different walking conditions. Some secondary outcome measures also 
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showed there are significantly improvements with the hydraulic prosthetic ankles/feet, while the 
use of Esprit foot showed some improvements in the symmetry parameters compared with 
Echelon and Elan foot. The detailed differences among the three models of prosthetic ankles/feet 
will be discussed in section 8.5.1. 
 
The second hypothesis that there is “more symmetrical and stable gait using hydraulic articular 
prosthetic ankles with real time control of the ROM (Elan) that provide specialised adaption to the 
slope conditions compared with using a hydraulic articular prosthetic ankles with common level 
ground waking setting ROM (Echelon)” is rejected as there is no statistical significant differences 
found in both primary and secondary outcome measures. However, there are some improvements 
noticed in the sagittal plane prosthetic ankle moments, which will be discussed in section 8.5.1 
 
The following discussions on the conventional TFAs gait are focused on three aspects: (1) the 
difference between the three prosthetic ankles/feet measured; (2) the strategies of TFAs to adapt 
to different walking conditions; and (3) the asymmetry in TFA gait. 
8.5.1 Differences between Esprit, Echelon and Elan 
The most significant differences among the three different prosthetic ankles/feet were noticed in 
the sagittal plane angles and moments at the prosthetic ankle and knee joint. The mean values of 
the ankle angles, ankle moments and knee moments of subject TF4 during level ground normal 
speed walking and slope ambulation are showed in Figure 8-10 for illustration. Similar patterns 
were observed among all subjects and the pattern during level ground fast speed walking and 
camber ambulation are similar to level ground normal speed walking condition. 
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Figure 8-10: The mean values of the ankle angles (first row), ankle moments (second row) and knee 
moments (third row) of subject TF4 during level ground normal speed walking (left column), ascending 
slope (middle column) and descending slope (right column). The purple vertical lines showing the timing 
when Echelon feet reach the maximum plantarflexion, neutral angle, and maximum dorsiflexion. 
 
An improvement in the ankle moments such that they mimic biological patterns is considered to 
be a major advantage of the hydraulic ankles. During level ground normal walking, from the end 
of loading response (22% of stance phase in subject TF4) to the time that the Echelon foot reaches 
the neutral angle (49% of stance phase in subject TF4),  the Echelon ankle provides greater 
plantarflexor moment compared with Esprit, which leads to greater prosthetic knee flexor 
moments, and from the neutral position to the maximum dorsiflexion (72% of stance phase in 
Figure 8-10), there is reduced plantarflexor moment to allow more rapid rollover motion at the 
prosthetic ankle. The increased prosthetic knee flexor moment from maximum plantarflexion 
(about 20% of GC) to the time neutral angle is acheived (about 50% of GC) provides more 
stability for TFAs and this feature is extremely essential for the safety of TFAs in the walking 
conditions with relatively high risk of knee collapse such as descending slope. During the period 
that the prosthetic knee is locked in full extension, a flexor moment at the prosthetic knee joint is 
a passive response to neutralise the extensor moment (so that the knee joint angle remains 
unchanged). If the prosthetic knee is required to provide extensor moment in this period, which is 
not mechanically allowed by the passive prosthetic knee designs, to maintain the full extension 
angle, then the knee will collapse. In Figure 8-10, in descending slope, a low knee flexor moment 
that is close to zero at the prosthetic side occurs at about the middle of this period (35% of stance 
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phase in subject TF4) when the Esprit foot was used, while with the hydraulic ankle plantarflexor 
moments were greater which will facilitate stability at the knee. This could explain the comments 
from the subjects regarding the “extremely unsecure” feeling with the Esprit foot and “strongly 
increased safety” from Echelon and Elan in downhill walking. During dorsiflexion period, 
according to Pitkin’s studies on the resistance moments in different types of prosthetic ankle/feet 
(Pitkin, 1997, Pitkin, 1995, Pitkin, 2010, Pitkin, 1996), the fixed angle designs normally showed 
similar patterns as figure 3-7 (a) that previously given in section 3.5.1, where the plantarflexor is 
rapid increased at the beginning of dorsiflexion and showed a convex moment-angle pattern , 
which is the reverse of  the biological ankles/feet as showed in figure 3-7 (c). Pitkin (Pitkin, 1996) 
found that the traditional pattern in fixed ankle produced the “stiff” feeling during ankle 
dorsiflexion and the prostheses with rolling ankle joint improved the performance of intact knee 
in TTAs. Pitkin (Pitkin, 1997) also reported a substantial decrease in the stresses to the residuum 
of TTAs when a moment pattern that is close to the biological ankle joint was applied to a 
mathematical model and hypothesised that the TFAs would receive similar benefits from 
biological compliant prosthetic ankle and knee. Therefore, the hydraulic ankles/feet could 
improve the walking comfort of TTAs, while in TFAs, due to the influence of different prosthetic 
knees, future investigations are required to link bio-mimic plantarflexor moment with socket 
comfort. In this research, one of the subjects (subject TF5) reported reduced comfort in socket 
with the Esprit foot, which might be an indication of Pitkin’s hypothesis with TFAs. 
 
According to the user guides for the prosthetic ankles/feet provided by the manufacturer and the 
communication with their technical team, the main difference between the Echelon and Elan is the 
real time control in dorsiflexion/plantarflexion range and the resistance moment in the Elan foot 
that enable slope adaption (Blatchford & Sons Inc., 2016a, Blatchford & Sons Inc., 2016b). When 
walking up a slope, the plantarflexion resistance is increased and the dorsiflexion resistance is 
decreased. This is illustrated in Figure 8-10 where from about 20% of stance phase to 60%, the 
Elan foot provides less plantarflexor moment compared with Echelon to make the rolling at ankle 
joint easier. The plantarflexor moment was then increased to be the same as Echelon to support 
lifting the body up and through push-off. When walking down the slope, the plantarflexion 
resistance was reduced and the dorsiflexion resistance was increased to slow down the prosthetic 
rolling process. Therefore, as expected, the Elan foot showed higher plantarflexor moments 
during the entire roll-over and reached the maximum plantarflexor approximately 10% of stance 
phase earlier than Echelon and maintained the maximum plantarflexor for a longer period. This 
could be a reason for the slightly slower walking speed and more stance time on the prosthetic 
side in descending slope with Elan foot. Although the improvements can be observed in the 
kinematic and kinematic patterns, most presented variables did not showed significant difference 
between the Echelon and Elan or indeed in the questionnaire results. This is probably because the 
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conservative activities tested in this project are readily accomplishable by the Echelon foot 
without changing the plantarflexor moment. A steeper slope might have better demonstrated the 
performance of Elan foot and future studies with TFAs are suggested. One additional advantage 
of the real time control function is that the TFAs could adjust the prostheses to adapt to different 
shoes without the help of prosthetist, which is considered to strongly improve the convenience of 
the use of prostheses and life quality. 
 
There are some other advantages observed from the hydraulic ankles/feet compared with fixed 
ankles/feet. The subjects applied significantly more loads to the prosthetic limb when the 
hydraulic ankles/feet were used, which are indicated by the first vertical GRF peak. This leads to 
an improvement in the first vertical GRF SI in most walking conditions. In addition, and 
corresponding with the plantarflexor peak in all walking conditions except descending slope, the 
hydraulic ankles/feet produce higher posterior force peak, which might be caused by a slightly 
faster walking speed. A greater ROM could be achieved by the hydraulic ankles/feet as indicated 
by the ankle angle RAR, therefore, the hydraulic ankles/feet could adapt to steeper slopes. The 
timing of hydraulic ankles/feet reach the maximum plantarflexion at about 10% of stance phase 
later than the Esprit foot and the timing of first vertical GRFs peak is delayed by about 3% in all 
activities with hydraulic ankles/feet. This allows a longer loading response period to absorb the 
impulse. The ankle is the major adaptor to the camber as noticed from the non-amputees and 
considering the prosthetic designs, the side to side motion in all three ankles/feet should be the 
same, which was shown by the mid-stance inversion angles as both Echelon and Esprit showed 
similar changes in the tendency and magnitudes on camber walking from two directions. 
However, in the questionnaire, the subjects are more agreed that the hydraulic ankles/feet make 
them feel stable and less off balance during camber walking compared with most of the other 
activities. A possible explanation could be that increased requirements for the balance control 
during camber ambulation enhanced the off-balance feeling from the fixed ankle/foot. Another 
possibility is that the TFAs introduced more muscle control when use the Esprit foot to maintain 
similar locomotion on camber as Echelon, which is not significantly exhibited in biomechanical 
parameters used in this study, but might be perceivable in physiological parameters. In the knee 
joint angle, in general, hydraulic ankles/feet enabled more swing flexion compared with Esprit 
foot during most of the activities, which was probably contributed by the better energy store and 
release in hydraulic ankle/feet indicated from the GRFs. It is noticed that on average, the intact 
knee showed more similar early stance flexion angles as non-amputees with the Echelon foot 
fixed during level ground and camber ambulation. However, as the early stance knee flexion 
angle is relative to walking speed as demonstrated in Figure 6-10, it is difficult to identify if this 
improvement is contributed by the prostheses or simply because subjects walked slightly faster 
with the Echelon foot. At the hip joint, there were significantly higher second extensor peak at the 
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intact side when the Echelon foot was used during level ground and camber ambulation, but there 
is a high possibility that the difference is mainly contributed by the faster walking speed on 
average. At the pelvis, the intact side showed less obliquity down angle with the hydraulic 
ankles/feet in most activities except ascending slope. This indicates there are fewer requirements 
on pelvic motion to swing the prostheses when the hydraulic ankles/feet are fixed. The function of 
the pelvic motion will be discussed in the strategies of TFAs in different walking conditions. 
 
In a previous report that compared hydraulic ankles with fixed design in TFAs, significantly 
increased self-selected level ground walking speed was noticed by De Asha et al. (2014), 
however, in this project, although the TFAs walked slightly faster in average with Echelon foot in 
all walking conditions, it does not reach statistical significant level. However, it should be noted 
that the comfortable walking speed of TFAs with hydraulic ankles/feet was 0.99±0.10 m/s and 
with fixed ankles/feet was 0.94±0.11 m/s in the previous study, while in this research, the TFAs 
were possibly more efficient and active walkers who walked at 1.13±0.19 m/s with Echelon foot 
and 1.10±0.13 m/s with Esprit, which are all at the same level of the non-amputee group.  
 
Both Echelon and Elan foot were heavier, which was hypothesised as a main factor that might 
affect the swing of prostheses as increased hip muscular effort has been reported with increased 
prosthetic shank mass (Hale, 1990) and the sensitivity analysis results shows the hip and knee 
moments during swing are increased with segment mass. It has been reported that 37% of 90 
TFAs claimed moderate issue with prostheses weight and 18% rated this issue as considerable 
(Hagberg and Brånemark, 2001). However, in contrast, the Esprit foot, which is lighter in weight, 
gained higher rating in the hardness of swing in the questionnaire. There are four possible 
reasons: (1) the TFAs participated this project are active prostheses users who use the prostheses 
on a daily basis and with comparatively strong residual limb and core strength are more capable to 
accept heavier prosthesis weight; (2) the improved energy store and return in the hydraulic 
ankles/feet (De Asha et al., 2013b), in some extent, compensate the energy cost of the increased 
weight; (3) as showed in Figure 8-2, the neutral angle of the Esprit foot is greater in plantarflexion 
compared with hydraulic designs, which reduced the foot clearance during swing phase as well as 
the decreased the prosthetic knee swing flexion angles; and (4) the reduced comfort and instability 
feeling during prosthetic side stance might affect subject’s judging on the swing phase. Previous 
work proved that increased prosthetic shank weight (no more than 100% of intact side shank 
mass) would not significantly affect the TFAs’ walking speed and swing time (Hale, 1990, 
Hekmatfard et al., 2013, Selles et al., 1999) and the stride length and step length at the prosthetic 
side were increased by about 1 cm with slightly reduced walking speed (0.3 m/s slower) when 0.6 
kg additional weight was added at the prosthetic ankle (Hekmatfard et al., 2013), which are in 
generally agreement with the spatial-temporal parameters reported in this research. 
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The use of Esprit foot showed some improvements in gait symmetry. When the Esprit foot is 
used, there are smaller absolute values in the step time and stance time except in camber 
ambulation. There is improved symmetry between the prosthetic leg and the intact leg in the 
maximum ankle dorsiflexion, maximum knee swing flexion, and second knee abductor peak in 
most walking conditions. The Esprit foot also leads to better TSI in the sagittal plane hip angles 
and sagittal plane knee moments. However, these improvements showed limited correlation with 
the subject rating results and some asymmetry, such as the greater knee swing flexion peak to 
support foot clearance, is demanded in TFAs’ gait. There will be a future discussion in section 
8.5.3 regarding functional gait asymmetry in TFAs and the symmetry variables that showed 
limited function in prosthetic ankles/feet evaluation with TFAs. 
 
When applying the 3C-level concept (control, comfort and cosmetics) suggested by Versluys et al.  
(2009) to evaluate the three models of prosthetic ankles/feet, it can be confirmed that the 
hydraulic prosthetic ankles/feet could be a better option than the fixed ankle/foot for the active 
TFAs due to the significantly improved comfort, stability, walking confidence and customised 
adjustments. The choice between Echelon and Elan should be based on individual demands such 
as living environment, outdoor activities and necessary frequency of adjustment of prostheses. 
8.5.2 Strategies in Active Trans-Femoral Amputees to Adapt to 
Different Walking Conditions 
Compared with non-amputees, there were more noticeable inter-subject differences due to the 
factors that affect gait following trans-femoral amputation, such as the residual limb length, 
muscle attachment, gait re-education training, prostheses etc. Therefore, although on average, the 
TFAs shows some similar features, there are individuals showing less obvious or even converse 
features in some certain parameters and in clinical gait analysis, the individual characteristics 
need to be considered in the evaluation of prosthetic gait. The following discussions on the 
strategies of adaption to the different walking conditions are focused on the significant changes 
found with the TFAs when compared with their level ground walking data, given in the context of 
the literature where this is available.  
8.5.2.1 Level Ground Normal Speed Walking 
During the level ground normal speed walking, in general, most subject showed similar features 
in spatial-temporal parameters as previous reported and  summarised in Chapter 3 and in many 
aspects, such as walking speed, stride length etc., better gait were observed as the subjects in this 
research are comparatively more active and better in using prostheses. A much greater stride 
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width, about twice of the non-amputee group, were noticed and it is considered as a result of two 
factors. Firstly, the TFAs do showed preference to walk with increased stride width, which is 
considered as a strategy to allow easier control of balance to prevent falling (Highsmith et al., 
2010, Sjödahl et al., 2003). The non-amputees also increase the stride width when there are more 
difficulties in balance control such as camber ambulation and descending slope as mentioned in 
Chapter 6. Secondly, the TFA subjects are all male and most subjects showed much greater body 
mass index compared with non-amputee group, both gender and body type lead to increased stride 
width in the TFA group. Corresponding with the stride width, a greater abduction angle from 
initial contact until the end of terminal stance can be noticed from all subjects. At the prosthetic 
side, there is longer step length, step time and swing time, indicated by the negative SI values that 
are below -10, while the intact side logically showed increased stance time to support the longer 
contralateral swing time. The longer stance time may also contribute to the greater hip extension 
at the intact side. This is considered to be caused by the increased time required to allow the 
prosthetic knee joint to reach full extension for initial contact. Due to lack of proactive extensor 
moment at the prosthetic knee, the extension movement at terminal swing needs to be achieved by 
the leading of thigh segment, which is indicated by the earlier timing that the prosthetic side hip 
reaches maximum swing flexion peak. TFAs generally have reduced hip muscle strength that 
slow down the hip rotation. These factors can all lead to increased swing time at the prosthetic 
side. Highsmith et al. reported that the TFAs walk with greater temporal, but not spatial, 
asymmetry than TTAs (Highsmith et al., 2010). However in this research, the asymmetry in step 
length is found noticeable as well, corresponding with more hip extension at intact side and more 
hip swing flexion at prosthetic side, which is considered a strategy for active TFAs to efficiently 
maintain the velocity as it has been reported that the TFAs are more likely to increase the stride 
length rather than step rate during fast speed walking (Jaegers et al., 1995). 
 
The exaggerated pelvic motion could be considered as a major difference between the non-
amputee and TFAs’ gait, which is unavoidable due to the requirement to compensate for the 
(believed) weakness in hip muscle strength and the loss of knee function. In the frontal plane, for 
the non-amputees , the stance side showed increased obliquity up angle at loading response, 
which indicates obliquity down for pre-swing phase for the contralateral side. The pelvis then 
progressively moved back to 0° in frontal plane during mid-stance and terminal stance. For the 
TFAs, at the prosthetic side, during loading response, there is a slightly more rapid obliquity 
down motion, which has been considered to be a result of soft tissue compression in the socket by 
Sjödahl et al. (2003). The pelvis does not show a trend to increased obliquity up angle, instead, it 
remains horizontal during loading response and then continued progress towards obliquity down 
until the end of mid-stance. After that, the pelvic moves back to 0° in frontal plane during 
terminal stance. Sjödahl et al. (2003) proposed the strategy in frontal plane pelvic motion as 
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Trendelenburg gait that uses increased obliquity up to reduce the lever arm of the hip abductor at 
the prosthetic side. This could explain the smaller hip abductor peaks at the prosthetic side that is 
indicated by the SI values. It can be observed from figure 8-5 that the pelvic motion helped to 
reduce the ROM in the frontal plane at the prosthetic side hip joint. In non-amputees, the ROM of 
hip adduction/abduction is about 15° during stance while in TFAs, it is less than 5° at the 
prosthetic side. The reduced hip adduction/abduction motion also explained the less obvious 
pattern of the two hip abductor peaks. A very similar pattern can be found at the intact side and in 
theory the intact limb does not require the ‘supplement’ from the pelvic. One explanation would 
be the demands in increased obliquity down at the intact side during mid-stance (obliquity up at 
the contralateral side during mid-swing) to help hip muscle to lift and swing the prostheses. 
Another explanation would be that when there is no conflict between the requirements in the 
pelvic motion, the neuromuscular system is trying to keep a symmetry movement between the two 
sides. In the sagittal plane, the non-amputees normally showed a steady pelvic angle with very 
limited motion (ROM<5°), while in the TFAs’ condition, exaggerated pelvic tilt motion 
(ROM>15°) were found in all subjects. Sjödahl et al. (2002) reported similar pelvic tilt pattern 
from 9 TFAs and the pattern remain unchanged throughout a gait re-education programme that 
last for about 10 month. The pelvic tilt angle and hip flexion/extension angle at the prosthetic side 
of subject TF4 is shown in Figure 8-11 as an example. The pelvic segment and the thigh segment 
showed obvious consistent sagittal plane movement direction in either clockwise or counter 
clockwise around the hip joint, which can be inferred that the sagittal pelvic motion aims to 
support the hip motion to lead the prosthetic limb and this support lasts for entire GC. Sjödahl et 
al. (2003) considered that increased anterior tilt of pelvis from initial contact to terminal stance 
might aim to preserve knee stability, which could also be an explanation. The internal and 
external rotation angles are more similar to non-amputees and agreed with previous reports 
(Sjödahl et al., 2003). 
 
 
 
 
Figure 8-11: The pelvic tilt angle and hip flexion/extension angle at the prosthetic side of subject TF4 (left) 
with red vertical lines marking the timing when pelvic tilt angle and hip flexion/extension angle change the 
direction of movement. Sketch of locomotion strategies of pelvic and hip rotation in TFAs (right). 
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Compared with non-amputees, the changes in the locomotion of intact hip, knee and ankle in 
conventional TFAs are relatively small. The irregular hip adduction/abduction angles can be 
considered a result of the strategies in pelvic motion. In general, at both side, the hip showed more 
abduction compared with non-amputees corresponding with the stride width. It has been reported 
that the TFAs showed reduced hip extension at the prosthetic side due to the weakness of hip 
muscle and limitation of socket (Tranberg et al., 2011), which was not very significantly among 
the five subjects in this research. Although in average, the prosthetic side showed 5° less 
maximum extension angle compared with the intact side, it is might be caused by the pelvic 
motion as by the timing of maximum hip extension angle, the pelvic also reached maximum 
sacrum up angle (as showed in Figure 8-11), which is about 5° greater compared with initial 
contact. Although increased plantarflexion (vaulting) at intact ankle during mid- and terminal 
stance were noticed from the conventional TFA subject in pilot test to compensate, this feature 
was not observed from the other four subjects in the main data collection. 
 
At the prosthetic side, compared with the non-amputees (from initial contact to about 5% of GC), 
it has been noted that there is a longer plantarflexion period in early stance (from initial contact to 
about 20% of GC). Compared with non-amputees, this delay also caused a much greater flexor 
moment peak (to neutralise the plantarflexor moment created by GRF) in early stance on the 
prosthetic ankle. This has also been observed by other researchers in a previous study with the 
same hydraulic foot device (Echelon) and similar fixed ankle-foot models (De Asha et al., 2013b). 
This is considered to be caused by two main reasons. Firstly, as showed in Figure 8-12, the 
rotation centre of the prosthetic ankles/feet used in this research is anterior to the natural ankle 
joint centre. As the result, the ankle needs to provide counter balance moments against the 
moment produced by the GRF during the stance. Therefore the timing of ankle moments changed 
from dorsiflexor to plantarflexor was also the timing when the COP passed the projection from 
ankle rotation centre to the plantar aspect of the foot. As the COP needs to travel a longer distance 
from hindfoot to pass the ankle rotation centre projection, compared with non-amputee, the timing 
of ankle moment “flip” is delayed. Besides, it has been reported in several papers that the COP 
remains in the hind-foot area and even moves backward during the early-to-mid stance in lower 
limb amputees, which further leads to more delay (Schmid et al., 2005, De Asha et al., 2013a, 
Ranu, 1988). The second reason could be the loss of knee function in TFAs. For the non-
amputees, there is a flexion in the early stance (KAY2, Figure 6-5). This flexion allows the shank 
segment to be more upright during the early stance and causes reduced ankle plantarflexion. For 
the TFAs, because the passive prosthetic knee cannot provide initiative extensor moment, the 
knee joint needs to be locked in full extension during the early stance.    
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Figure 8-12: The schematic diagram of the hydraulic ankle-foot device (Echelon) - the part within the foot 
shape grey portion shows the fixed ankle-foot device (Esprit) given by De Asha et al. (2013a). The red 
cross shows the location of a natural ankle joint based on the foot shape grey portion and the green circle 
shows the location of mechanical rotation centre of the Echelon ankle joint. Two vertical lines show the 
projection from these rotation centres to the plantar aspect of the foot. 
 
In order to supplement the functional loss of the joints, amputees were found to increase the net 
moments at the intact joints (Nolan and Lees, 2000, Seroussi et al., 1996). Nolan and Lees (2000) 
reported that the knee and hip extensor peak in TFAs are significantly higher than the non-
amputees, and increased maximum knee flexion moment but slightly reduced knee extensor peak 
can be found in the report from Seroussi et al. (1996). In this research, during stance, most 
subjects showed greater hip extensor moment (145% higher than non-amputee on average at the 
second extensor peak) from initial contact until the end of terminal stance and the knee stance 
flexor peaks are approximately 50% greater than the prosthetic side, which agrees with the 
previous studies. But the knee extensor moments were not increased. On the contrary, three of the 
five subjects did not show knee extensor moment during the stance phase at all, therefore, the 
averaged knee moment patterns at the intact side are more close to the prosthetic side, which has 
not been reported from any previous studies. It is considered to be caused by individual 
characteristics of the participants as 3 of the 14 non-amputees also showed this feature, but this 
need to be confirmed by a future study with more subjects.   
8.5.2.2 Level Ground Faster Speed Walking 
In a previous study, when the TFAs were requested to walk at a faster speed, the speed increased 
by 21% to 34% of self-selected comfort speed (Boonstra et al., 1993, van der Linden et al., 1999) 
and in this research, there is approximately a 30% increase in average, which is within the range 
that has been reported. Compared with non-amputees, the statistical analysis results show there 
are very similar changes in spatial-temporal parameters and GRFs, but in most bilateral 
parameters, higher changes were found at the intact side, which indicates the main strategies of 
TFAs to maintain faster speed would be very similar to non-amputees but with relatively less 
adjustments at the prosthetic limb. The changes in joint angles and moments to maintain the faster 
speed in TFAs can be found in following aspects: 
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1. At the pelvis, the sagittal plane initial contact angles at both sides are significantly greater 
and from an observation on the waveforms, the shifts is towards increased pelvic sacrum up 
angle throughout about 65% of GC, which indicate the TFAs was keeping the COM slightly 
forward during fast speed walking. Similar tendency can be found in non-amputee as well, 
but the differences at relevant point of interests do not reach statistical significant level. 
2. At the hip, in the sagittal plane, both sides shows increased flexion during late swing and 
initial contact and greater peak moments that correspond with the higher angular velocity of 
lower segments. In the frontal plane and transverse plane, there is reduced second abductor 
peak and increased rotation peak moments; 
3. At the knee, the intact side shows significantly increased flexion during early stance and 
swing and greater sagittal plane knee moments. In the frontal plane, there is higher first 
adductor peak at intact side, which is also observed from non-amputees but only it is only 
statistically significant at the left side; 
4. At the ankle, both prosthetic side and intact side showed greater plantarflexor peak moments. 
 
As inferred from the spatial-temporal parameters and GRFs, the strategies in TFAs to maintain a 
faster walking speed are almost the same as non-amputees. However, the statistical analysis 
results show that there are not significant differences in the joint moments SI values compared 
with level ground normal speed walking, which indicates the adjustments at the two sides are 
roughly equivalent. 
 
Nolan et al. (2003) found that with faster walking speed, there was significantly increased 
asymmetry indicated by the SI values in the first vertical force peak (GRFZ1, mean SI increased 
from 16.88% to 28.89%, when speed increased from 0.9 m/s to the maximum walking speed that 
ranged between 1.5 and 1.9 m/s), while in the temporal gait variables, stance time (mean SI 
reduced from 25.80% to 23.42%), swing time (mean SI increased from -50.39% to -37.38%) and 
step time (mean SI increased from -28.85% to -24.51%), symmetry was improved. There is 
another similar study carried out by Schaarschmidt et al. (2012) with two different types of 
prosthetic knee and in this report, when speed increased from 1.1 m/s to 1.4 m/s, the SI values in 
stance time (mean SI increased from 14% to 16%), step time (mean SI reduced from -15% to -
17%), anterior GRF peak (GRFX1, mean SI increased from 103% to 109%), posterior GRF peak 
(GRFX2, mean SI increased from 44% to 49%), first vertical GRF peak (GRFZ1, mean SI 
increased from 6% to 9%), and second vertical GRF peak (GRFZ2, mean SI increased from 24% 
to 26%) were given without statistical analysis. The previous works agreed that the symmetry in 
GRFs were reduced with increased walking speed but in the temporal parameters, there were 
opposite results in two studies. In this study, although in mean values, there were reduced 
symmetry in all measured GRFs SIs with increased walking speed, only the change in the 
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posterior GRF SI reached the statistical significant level. And there was no significant difference 
found in the symmetry in temporal parameters with increased walking speed. However, regardless 
the changes with speed, the positive and negative of the SI values in temporal parameters and 
GRFs found in this study mostly agree with the literature except a negative SI value was found in 
the first vertical GRF peak (GRFZ1) when the Echelon foot was used, which could be considered 
as a result of the more comfortable sensory feedback of hydraulic ankles/feet that encouraged 
subjects to apply more load at the prosthetic leg. Most of the range of the SI values and the 
changes in SIs with speed in this study are different compared with either previous work and due 
to the limited information on subject conditions and prostheses in previous studies and different 
experimental designs, it is difficult to identify the causing of the differences. 
8.5.2.3 Camber Ambulation 
In camber walking, there is no significant change found in stride width while significantly greater 
stride width was found in non-amputees. In the non-amputee group, except for stride width, 
spatial-temporal parameters were almost not affected by the camber from either direction. But in 
TFAs, when the prosthetic side is higher, there is reduced prosthetic side step time (by 5%) and 
when the intact side is higher, there is significantly increased step length (by 13%) and swing time 
(by 14%) at the intact side (the step time was increased by 9% but is not statistically significant). 
In the GRFs, the significant difference was only found in the prosthetic side higher condition, 
where the intact side showed higher magnitudes in the first vertical GRF peak. Camber walking of 
the amputees has been barely investigated in the literature and there is no previous reported 
spatial-temporal parameter and GRFs. The changes in spatial-temporal parameters and GRFs 
indicate that the camber walking affect the TFAs more than non-amputees and the walking 
direction on the camber might lead to different strategies. Therefore, the strategies are 
summarised for the different walking directions separately. 
 
The changes in joint angles and moments to adapt to camber ambulation with prosthetic side 
higher in TFAs can be summarised as: 
1. At the hip, the intact side shows reduced second abductor peak and the prosthetic side shows 
increased peak moments during stance. However, these changes are very similar to the 
strategies in fast speed walking and considering the increased walking speed compared with 
level ground normal speed walking, it is difficult to confirm if the camber ground condition 
contributed to  these changes or not; 
2. At the knee, the prosthetic side shows greater swing flexion due to the higher contact level. 
This is not a proactive strategy but it helps to support prosthetic side foot clearance; 
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3. At the ankle, the prosthetic side shows reduced inversion and the intact side shows increased 
inversion to adapt to inclined contact surface. There is reduced abductor moment at the intact 
side corresponded with reduced maximum abduction. 
 
The changes in joint angles and moments to adapt to camber ambulation with intact side higher in 
TFAs can be summarised as: 
1. At the pelvic, there is reduced maximum obliquity up angle at the prosthetic side and reduced 
maximum obliquity down angle at the intact side; 
2. At the hip, there is increased magnitude in the first abductor peak at intact side. Although 
there are greater second extensor moment at the prosthetic side and increased the maximum 
flexor moment at intact side, it is likely to be caused by the faster walking speed; 
3. At the knee, the prosthetic side shows decreased stance flexor peak. At the intact side, there 
is a shift towards increased flexion during most of the GC especially around the two flexion 
peaks; 
4. At the ankle, the intact side shows decreased mid-stance inversion and the prosthetic side 
showed increased inversion. When walking with the prosthetic side higher, the intact side 
showed increased plantar flexion in mid and late stance to provide the prosthetic side foot 
clearance. 
 
In the group A questionnaire, although the difference is very small, the statistical analysis results 
indicates the subjects felt significantly less stable and off balance during camber ambulation 
compared with level ground normal speed walking. The intact side higher walking condition is 
rated slightly higher regarding the unstable feeling. This could explain the difference in walking 
speed as when the prosthetic side is higher, on average, subjects walked 0.04m/s faster than the 
opposite walking direction. This difference is consistent among all subjects with either prosthetic 
ankles/feet used. According to the observation in non-amputees, it is suggested that when the 
strategies in a different walking condition are consistent with the preference in normal level 
ground walking, the subjects would present faster walking speed. Therefore the walking speed 
indicates the TFAs are more comfort to walk with the prosthetic side higher and based on the 
summary of strategies, there are comparatively less adjustments when the prosthetic side is higher 
compared with the opposite direction. Based on the observation of the mean curves in hip 
adduction/abduction, when the prosthetic side is higher, there is a shift of about 2° towards 
increased hip adduction at the prosthetic side and a shift of about 2° towards hip abduction at the 
intact side during stance. In addition, the intact leg shows increased maximum ankle abduction 
and abductor peak. These changes all agree with the non-amputee’s strategies to keep the COM 
closer to the higher side. The reason that the intact side showed greater first vertical GRF peak is 
probably because the lower contact surface caused more impulse. In the non-amputees, the higher 
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side showed increased knee flexion during stance (consistent but not statistically significant at the 
relevant points of interest) to reduce the effect of lateral inclined surface and therefore there is no 
significant difference in the first vertical GRF peak. But the passive prosthetic knee needs to 
remain in full extension until terminal stance. When walking with the intact side higher, there is 
no clear shift in the hip adduction/abduction angles among the 5 TFAs. The changes in 
locomotion indicate the aim of strategies in TFAs is to prevent the impulse at the prosthetic side 
by introducing more knee stance flexion at the intact side and reducing maximum pelvic obliquity 
up angle at the prosthetic side that appeared during mid-swing, which is partly conflicted with the 
strategies to keep the COM closer to the higher side and requires more adjustment at the intact 
side. Overall, there are more difficulties to walk with the intact side higher compared with the 
opposite walking direction on camber. 
 
According to the non-amputee group and previous studies, the ankle joint is considered as the 
main adaptor during camber ambulation for non-amputees. To date, there are only two studies that 
investigated lower limb amputees gait on cambers  (Wirta et al., 1991, Villa et al., 2015) and only 
one study reported the prosthetic ankle angles and moments (Villa et al., 2015). Villa et al. (2015) 
found on the 6° camber, both TFAs and TTAs showed much smaller changes (about 20% of the 
magnitudes in control group) in the inversion/eversion angles at the prosthetic side, while in this 
study, the prosthetic ankles/feet shows similar change compared with intact limb and the control 
group. One possibility is that the 6° camber significantly demands much greater 
inversion/eversion angles that the prosthetic ankles/feet could provide. Another possibility is the 
prosthetic ankles/feet used in the previous study do not support movement in the frontal plane. 
The first assumption requires future studies on the amputees’ gait on the cambers with varying 
degrees and the second assumption could not be confirmed as the details of the prostheses in 
previous study were not provided in the report. 
8.5.2.4 Ascending Slope 
In ascending the slope, the TFAs showed significantly increased step time and stance time at both 
sides and longer swing time on the intact side, which are similar to non-amputees except the 
increased swing time in the control group is not at a statistically significant level. However, the 
non-amputees also showed reduced stride width and longer cycle time, which was not found in 
the conventional TFAs’ group. This indicates the requirements in larger stride width for balance 
control is more important for TFAs than improving walking efficiency during ascending slope. 
The TFAs tend to walk with reduced step rate and supplement walking speed by increase stride 
length (Jaegers et al., 1995), this could explain the difference of change in cycle time compared 
with non-amputees. On the intact side, the anterior GRF decreased and at the prosthetic side, the 
posterior GRF and the first vertical GRF reduced. There were significantly increased second 
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vertical GRF peak values at both sides to lift the body up. According to the spatial-temporal 
parameters and the GRF, the intact limb showed more similar change as the control group, except 
as the main limb that provides propulsion, the posterior force was constant to maintain the speed. 
The prosthetic side showed more different changes and the lack of knee function is believed to be 
the main reason that caused the differences. The changes in joint angles and moments in 
conventional TFAs during ascending slope can be summarised as: 
1. At the pelvis, the frontal plane initial contact angles at both sides are significantly higher than 
the level ground walking in order to reach the higher contact surface, which has also been 
found in non-amputees. The ROM in the frontal plane is significantly greater as the 
magnitudes of the maximum obliquity up and maximum obliquity down are all significantly 
higher than level ground normal speed walking. Although the non-amputee showed similar 
changes, the differences are not consistently at a statistically significant level for the two 
sides. There is a change in the pattern that from about 30% to 60% of the GC, the frontal 
plane angle generally remains at the maximum obliquity down angle at both sides to help lift 
the opposite limb. In the sagittal plane, there is a shift towards greater sacrum up like non-
amputees but with about twice higher magnitudes in difference. In the transverse plane, there 
is reduced ROM at the intact side as non-amputees while at the prosthetic side, only the 
initial contact angle reduced;  
2. At the hip, as a result of the changes in pelvic motion, the initial contact angle in the frontal 
plane is significantly higher. Due to the changes in pelvic motion to adapt to ascending slope 
condition, the hip adduction/abduction is not constant during stance as level ground walking 
and the ROM increases to about 12° at the prosthetic side. There are reduced two abductor 
peaks at the prosthetic side and reduced second abductor peak and swing adductor peak at the 
intact side. The second extensor peak at both sides increases to lift the body up. The 
maximum flexor and maximum swing extensor are significantly reduced at the two sides. 
Although the non-amputee showed similar change in the mean values, the difference between 
level ground normal speed walking and ascending slope is not at a statistically significant 
level; 
3. At the knee, similar changes as for the non-amputees are found in the sagittal plane motion 
and movement in the intact side during stance phase while the prosthetic side is almost 
unchanged compared with level ground walking except increased maximum flexor moment. 
The maximum swing flexion at both side and the swing flexor peak at the intact side reduced 
as a result of lower contact surface at toe off and slightly reduced walking speed. The 
increased flexion at initial contact and loading response allows the intact shank to be more 
upright and reduces anterior GRF as non-amputees (as showed in Figure 8-12), while the 
anterior GRF at prosthetic side is almost unchanged due to the same way in landing as level 
ground conditions. In the frontal and transverse planes, the changes at the intact side are 
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similar to non-amputees such as increased second abductor peak and maximum external 
rotator, but at the prosthetic side, the only significant change is the increased maximum 
internal rotator, which is not at statistically significant level among non-amputees. 
4. At the ankle, there are reduced extension angles at early stance on both sides. The intact 
ankle shows increased plantarflexion around toe off like non-amputees. The maximum 
evertor moment and plantarflexor moment at both sides are significantly increased and the 
abductor moment at intact side reduced. 
 
At the prosthetic side, a few adjustments at the pelvic are performed to supplement the lack of 
function in the prosthetic knee and ankle joint. In the non-amputee group, the knee flexion and 
ankle dorsiflexion from late swing to early stance increases in ascending slope to (1) support the 
additional requirement in foot clearance for higher contact surface and (2) allow the COM be 
moved forward without bending the trunk. But because the prosthetic knee and ankle can not 
perform these strategies as noticed in results and as previously reported (Vrieling et al., 2008), the 
requirements are compensated for by enhanced pelvic motion. The maximum obliquity up angle 
during mid-swing increases by about 3° at the prosthetic side and 1° at the intact side to support 
foot clearance. For the the intact side, the increase in initial contact angle is about 3° greater 
towards obliquity up (close to 2.5° in control group), while on the prosthetic side, the increase is 
more than 5° on average.. In the non-amputee group, the pelvic tilt angle increased by about 1.5° 
at initial contact, while in the conventional TFAs group, this angle is increased by 3° (as 
illustrated in Figure 8-12), which indicates the TFAs need to bend the trunk more than the non-
amputees to move the COM forward. 
 
 
  
 
 
Figure 8-13: Sketch of locomotion strategies in non-amputees (left) and TFAs (right) at initial 
contact and loading response in ascending slope in side view.  
 
The strategies in sagittal plane hip motion and moments at both sides are similar to the non-
amputees and in agreement with previous studies (Vrieling et al., 2008). In the frontal plane, for 
the non-amputees, the reduction of the second abductor peak occurs in fast speed walking rather 
than ascending slope, while the TFAs showed similar tendency in fast speed walking as well. The 
second abductor peak roughly appeared at the same timing of posterior GRF peak and there is a 
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possibility that the TFAs are applying a similar way to increase propulsion as fast speed walking 
instead of increasing walking efficient by reduce stride width as non-amputees during ascending 
slope. However, so far there are no previous studies that reported the change in frontal plane hip 
moments, this hypothesis requires future study with more subjects and different dimension of 
slope to confirm. 
 
At the intact side, the changes in knee and ankle angles and moments during stance phase are 
similar to those used by non-amputees to adapt to incline surface and to assist the hip to lift the 
body. But during swing phase, there are converse changes in the maximum knee flexion and ankle 
dorsiflexion compared with control group, which is believed to be as a result of the pelvic motion 
that provides the additional foot clearance. Vrieling et al. (2008) considered the increased knee 
flexion at the intact side aims to compensate the shorter prosthetic limb length. However, there is 
similar change in the non-amputees during uphill walking, so it is more possible that the intact 
limb is applying the same strategy as non-amputees. There are more differences in the points of 
interests in the frontal and transverse planes ankle moments and it shows no clear link with the 
ankle angle or other strategies. So far, there is no previous study that reports the changes in frontal 
and transverse planes ankle moments in lower limb amputees when ascending slope. 
8.5.2.5 Descending Slope 
During ascending slope, similar to the control group, there is significantly increased stride width 
to assist with balance control and reduced stride length that is mainly contributed by the reduced 
step length at the prosthetic side in the TFAs to reduce the altitude difference in a step. In 
addition, the TFAs showed reduced cycle time and step time and stance time at both sides, which 
indicates the TFAs could not slow down the walking process as efficiently as non-amputees. 
There are converse changes in the anterior and posterior force peaks between the prosthetic side 
and the intact side, while in the non-amputee group no change reaches a statistically significant 
level. At the intact side, the anterior peak increased and the posterior peak reduced. At the 
prosthetic side, the maximum anterior force reduced and the maximum posterior force increased. 
The changes in the vertical GRFs are the same as non-amputees at both sides. According to the 
strategies in TFAs noticed during camber walking and the difference in the GRF during 
descending slope, it can be inferred that for TFAs, damping at the prosthetic side shows more 
importance compared with non-amputees. The changes in joint angles and moments in 
conventional TFAs during ascending slope can be summarised as: 
1. At the pelvis, there is significantly increased obliquity down angle at both sides at initial 
contact to reach the lower contact surface, which has also been found in control group. The 
maximum obliquity down angle at the prosthetic side is reduced but increased at the intact 
side. From about 45% to 65% of GC, there is a shift towards greater obliquity up angle that 
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allow the contralateral limb reach the lower contact level. There is significantly increased 
sagittal plane initial contact angle and reduced maximum external rotation but only at the 
intact side. 
2. At the hip, there is increased abduction at initial contact angle at both sides that caused the 
greater stride width. Because of the changes in pelvic motion, the magnitudes of maximum 
adduction and abduction angles at the prosthetic side are significantly greater and at the intact 
side, only the maximum abduction increases. The second adductor peak at the intact side is 
reduced while in the non-amputees, the second adductor peak at the right side is increased.  
The changes in the sagittal plane angles and moments are similar to non-amputees. 
3. At the knee, the intact side shows increased extension at initial contact and no statistically 
significant change in the maximum early stance flexion. The adjustments in the maximum 
stance extension and swing flexion are the same as for the non-amputees. There is 
significantly reduced maximum stance flexor. 
4. At the ankle, in the sagittal plane, most changes in the joint angles and moments are similar 
to those for non-amputees. There is a shift towards greater plantarflexor during mid-stance. 
In the frontal plane, there is increased mid-stance inversion angle corresponding with greater 
evertor moment at the intact side while the prosthetic side showed reduced evertor moment. 
In transverse plane, the intact side showed increased adduction angle at initial contact. 
 
The descending slope condition has been rated with the highest mark in the agreement of the off 
balance feeling and the lowest mark in the safe feeling in the questionnaire, which indicates the 
descending slope was the most challenging activities among the walking conditions tested in this 
research. This is probably caused by the lack of function in a passive prosthetic knee joint. In non-
amputees, the increased knee flexion and reduced pelvic tilt angle allow the COM to be  kept 
backward compared with level ground walking and these strategies ensure the safety during 
downhill walking by preventing forward falling. In TFAs, during stance, the requirements in 
pelvic motion are different than that of the non-amputees as the passive prosthetic knee needs to 
remain full extension until terminal stance to avoid collapse. Therefore the TFAs have to walk in 
a similar manner as level ground walking on the prosthetic side. The adjustments in the sagittal 
plane lower joint moments among TFAs aims to slow down the walking process, which is similar 
to the control group. But it can be noticed that the intact side produce more effect compared with 
the prosthetic side. The adjustments in the frontal plane are associated with the increased stride 
width. In the transverse plane, the reduced pelvic external rotation angle at the intact side is 
probably related to the reduced hip extension. The increased ankle adduction at initial contact on 
the intact side is considered to assist with the sagittal plane strategies to slow down walking 
progress. Compared with previous work, a major difference is found in the maximum prosthetic 
knee swing flexion, where in Vrieling et al.’s (2008) report, the maximum knee flexion during 
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swing is reduced in descending slope. Because the prostheses used in Vrieling et al.’s study are 
different to the ones in this research and the other factors that affect the maximum knee flexion 
such as walking speed was not reported in Vrieling et al.’s study, the causing of this difference is 
difficult to be identified. 
8.5.3 General Comments on the Evaluation of Different Prosthetic 
Ankle/Feet 
There are several aspects that need to be considered when evaluating difference prostheses. 
Firstly, there are two ways to achieve gait symmetry in unilateral amputees: (1) improve the 
prosthesis to allow better functional replacement of the biological leg and (2) have the intact side 
copy the reduced functionality of the prosthesis (Schaarschmidt et al., 2012). Therefore the bio-
mimic function of the prostheses and any changes in the intact limb needs to be analysed together 
with the symmetry parameters when the symmetry of gait is used as a standard. Secondly, due to 
the (current) lack of function in the residual limb and prostheses, asymmetry in some parameters 
is often accepted as being expected to allow TFAs to safely and efficiently use the prostheses, 
such as the longer stance time on the intact side and longer swing time on the prosthetic side, as 
discussed in section 8.5.2.1. Sometimes, an improvement in some symmetry parameters may 
increase the walking difficulty in TFAs. For example, according to the sensitivity analysis on the 
segment parameters in section 5.5.3.2, the maximum swing moments are increased with segment 
mass in TFAs, however, prostheses are normally lighter than the biological limb, which causes an 
asymmetry in the maximum swing moment SIs. Heavier prostheses would improve the symmetry 
in relevant gait parameters, but significantly increase the energy cost during walking. In addition, 
some researchers have claimed that a symmetrical pattern at the pelvic is not present in good 
amputee walkers (Tazawa, 1997). Therefore it is important to determine and use the variables 
where symmetry is more closely linked with the improvement in the functional performance of 
TFAs in future study. Thirdly, many gait parameters are affected by walking speed and sometimes 
it is difficult to analyse the change that could be caused by either walking speed or the 
functionality of different prostheses. This issue was also found when reviewing the strategies of 
non-amputees in different activities in this work. However, self-selected walking speed is still 
preferred in the experimental design, as walking speed can provide an indication of the function 
of prostheses. In future studies, variables normalised by walking speed might be a potential 
solution.  
 
In this work the statistical tests used were not based on a prior assessment of a clinically 
significant change. This was because a definition of a clinically significant change for the primary 
outcome measure was not available in the literature. The results from this work could now be used 
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to help inform (power) calculations to determine the number of volunteers required. A concern in 
testing for clinically significant changes, however, is that the gait of amputees is formed during 
their rehabilitation programme and often will not be changed in a short period. A clinically 
significant difference might be achieved by a gait training programme that lasts for several 
months (Sjödahl et al., 2002), but most studies on prosthetic component evaluation  allow only up 
to 4 weeks use of a given component, normally without additional (physiotherapy guided) 
training. Furthermore, most subjects that been recruited to the studies that test different prosthetic 
components are good walkers with limited room for a clinically significant improvement. 
 
For the amputees, there can be a conflict between comfort and gait symmetry. Gait asymmetry is 
considered to be linked with many other complications of amputation (Burke et al., 1978, Graham 
et al., 2007, Macfarlane et al., 1997a), but it is suggested to apply equal loads at the prosthetic 
side as well as the intact side to avoid the overuse of intact limb (Nolan and Lees, 2000). 
However, there are a large proportion of TFAs who experience stump pain during standing and 
walking. In Hagberg and Brånemark’s report on the consequences of TFA survey, 51% of 90 
subjects claimed moderate stump pain and 20% subjects thought the stump pain is considerable 
(Hagberg and Brånemark, 2001). Stump pain and skin issues are linked with the high pressure on 
the soft tissue contained within the socket. The participants in this research did not report any 
stump pain and they showed better symmetry in loading, indicated by the measured GRF 
compared with previous studies. But for many other TFAs, a compromise needs to be made 
between the comfort and gait symmetry.  
8.6 Summary 
This chapter reported the main gait study that was carried out with 5 conventional TFAs to 
investigate the function of hydraulic ankles/feet compared with the fixed ankle/foot in different 
walking conditions. It was found that the hydraulic ankle/feet showed a significant improvement 
in the TSI of sagittal plane ankle moment, dorsiflexion/platarflexion ROM at prosthetic ankle and 
prosthetic knee moments. The results of subject questionnaires showed that the hydraulic 
ankle/feet provided a more comfortable and safe feeling in all tested walking conditions especially 
during descending slope. Although there are observed improvements in the prosthetic side sagittal 
plane ankle moment patterns with the Elan foot compared with Echelon and Esprit, there was no 
statistical significant difference in the variables measured. 
 
In level ground normal speed walking, it was found that the pelvic motion is essential to support 
the hip motion in the TFAs as supplement to the weakened hip muscles. In the study of the 
strategies in different walking conditions, damping at the prosthetic side is believed as an 
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additional and important aim in TFAs compared with non-amputees in the adjustment in 
locomotion when adapt to camber ambulation and downhill walking while the other strategies are 
similar to non-amputees but require additional supplement from pelvic and intact limb. 
 
Based on the observation in this research, it is suggested that the improvement in the symmetry, 
especially in SI variables, need to be comprehensively analysed with the requirements of TFAs to 
walk with prostheses and the symmetry variables that showed more links with the walking 
comfort and efficient should be used. Future study with speed normalised parameter and statistical 
analysis method is suggested in relevant research topics. 
 
Compared with previous studies, most SI variables showed similar tendency between the 
magnitudes in the prosthetic side and intact side. But ranges of results vary among different 
studies as a result of different subjects, prostheses, and experiment design. The change of 
symmetry parameters caused by different walking conditions need to be confirmed with increased 
number of subject and unified prostheses in future study. 
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Chapter 9 
9 Conclusions, Limitations and Future Work 
9.1  Introduction 
A detailed discussion on the findings for the studies undertaken has been provided at the end of 
Chapters 6, 8 and 9. This chapter describes the main conclusions summarised from: (1) the main 
study with conventional TFAs that compared the hydraulic ankles/feet with fixed ankles/feet 
design; (2) the strategies determined from non-amputees and conventional TFAs to adapt to 
activities; and (3) the preliminary study to investigate the effect of the hydraulic ankle/foot on the 
gait of the osseo-integrated subject. This is followed by a summary of limitations in this research 
and finally the areas of future work are identified. 
9.2  Conclusions 
The major contributions of this research can be summarised as follows: 
1. In most of the previous studies that investigate the gait of TFAs, the gait was only measured 
for a level ground condition. There is very limited research that considers the uneven ground 
conditions that are commonly performed by active amputees. In this research, the gait 
parameters determined using personalised anthropometric models (spatial-temporal 
parameters, GRFs, pelvic and lower limb joint angles and lower limb joint moments, SIs for 
sagittal plane lower limb kinematic and kinetic peak values, TSIs of kinematic and kinetic 
patterns, and RARs of pelvic and lower joint angles, pelvic and lower joint angles) from 5 
conventional TFAs and an osseo-integrated TFA are reported for a 2.5° camber ambulation 
and 5° slope ambulation, in addition to that for normal and fast speed level ground walking. 
The dimensions of the camber and slope were based on the British Standards ‘Design of 
buildings and their approaches to meet the needs of disabled people - Code of practice’ 
Publication (BS 8300:2009+A1:2010) and therefore the outcomes of this research are more 
likely to be applicable to the clinical gait assessment and gait re-education training for TFAs 
in the UK.  
2. In most of the studies that compare different prosthetic ankles/feet, only TTAs are 
investigated probably because this will remove a key variable found in TFAs (the prosthetic 
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knee) when interpreting results. However, the gait data from TTAs can be of limited value 
for supporting the prostheses selection for TFAs. It is believed that the results and discussion 
in this thesis based on data collected from three models of prosthetic ankles/feet for the TFA 
group and two models for the osseo-integrated TFA will be helpful in supporting the 
improvement of prosthetic ankle/foot design with specific considerations for TFAs. 
3. Gait symmetry is considered as an important approach when evaluating TFA gait and the 
association function of prostheses because it has been linked with several complications of 
trans-femoral amputation. This is the first research that has applied the use of symmetry 
parameters (SI and TSI) in the evaluation of the Echelon and Elan foot. The bio-mimic 
pattern of the sagittal plane ankle joint moment has been linked with stance stability and 
socket comfort. However, without the use of parameters that can quantify the trend symmetry 
between the prosthetic side and intact side gait patterns, it is difficult to assess the bio-mimic 
behaviour of the sagittal plane ankle joint moment pattern. In this respect, this is the first 
work that has applied use of the TSI in the evaluation of prosthetic ankle/feet. 
9.2.1  Comparison between Different Prosthetic Ankles/Feet 
The null hypothesis that “the symmetry of the gait of unilateral TFAs will not be improved when 
the hydraulic, articular, prosthetic ankles (Echelon and Elan) are used compared with fixed ankles 
(Esprit)” was rejected, as significant improvement in the primary outcome measure, the TSI in the 
sagittal plane ankle moment, was found in almost all tested walking conditions. The major 
significant improvements in the secondary outcome measures were found in: the prosthetic knee 
moment pattern, that suggested enhanced knee stability during stance; prosthetic ankle 
dorsiflexion/plantarflexion RAR, that showed increased ROM at the prosthetic side for better 
inclined surface adaption; and increased load in the first vertical GRF peak at the prosthetic side 
indicating enhanced confidence of subjects in using prostheses with the hydraulic articular 
prosthetic ankles/feet. The improvements of the hydraulic ankles/feet compared with fixed 
prosthetic ankles/feet design were confirmed by the subject questionnaire results. 
 
The second hypothesis that “the use of a hydraulic, articular, prosthetic ankle/foot with real time 
control of the joint stiffness (Elan) would provide improved adaption to the ascending/descending 
slope conditions compared with a fixed setting hydraulic prosthetic ankle/foot (Echelon)”, was 
rejected as no significant difference was found in both the primary outcome measure or the 
secondary outcome measures including the subject questionnaire results. However, it was found 
that changes in the sagittal plane ankle moment pattern showed some improvement for the Elan 
foot.  
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9.2.2  Strategies to Adapt to Different Walking Conditions in Non-
Amputees and Trans-Femoral Amputees 
The changes in the locomotion of gait in non-amputees when undertaking different walking 
conditions was found to be similar to previous studies that used a similar dimension of walkway. 
The strategies to adapt to the inclined surfaces were found to contribute to a main aim of 
maintaining the balance by moving the COM closer to the higher limb. The changes in hip 
moment suggest that the hip is the key factor to meet the requirement for faster speed walking and 
ascending slope. The knee joint is considered as the most important adaptor to assist with the 
change of COM during slope ambulation by increasing flexion in early stance. The ankle angles 
in the frontal and sagittal plane show that the ankle joint is essential to allow full contact between 
the inclined surface and the foot. 
 
In the conventional TFA group, it was found that the pelvic motion is essential to support the hip 
motion for the TFAs in level ground normal speed walking. Damping at the prosthetic side is 
considered as an additional and important requirement in TFA gait compared with non-amputees 
when adapting to camber ambulation and downhill walking. The other strategies were found to be 
similar to the non-amputees, but additional input from the pelvis and the intact limb is required to 
support the prosthetic side. 
 
Due to the limited data, the osseo-integrated subject data in the preliminary study was highlighted 
only when the subject OI1 showed an opposite change in kinematic and kinetic parameters 
compared with the significant changes found in conventional TFAs. As several such changes was 
found for the subject OI1, it is believed that the osseo-integrated subjects might apply different 
strategies compared with conventional TFAs and using the gait data of conventional TFAs to 
support the rehabilitation and training of osseo-integrated subjects may well be inappropriate. 
9.3  Limitations of This Study 
There are several limitations in this research caused by the exploratory and preliminary nature of 
the work. These can be summarised as follows: 
1. There were a limited number of subjects in both the conventional TFA group and the 
osseo-integrated TFA group. 
2. The practise/familiarisation time for the prosthetic ankles/feet was relatively short and 
this might affect the results. 
3. The other prosthetic components were not unified among subjects, which introduced 
factors that may affect the results. 
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4. The design of the experiment was such that subjects were not ‘blinded’ to the type of 
prosthesis fitted, therefore their knowledge of the applied prosthetic ankles/feet might 
affect the questionnaire results. 
5. The questionnaire used in the research was based on previous research, but was not itself 
validated. 
6. The prosthetic joint moments were calculated with a conventional inverse dynamic 
approach and in this some assumptions for the calculations are based on natural (non-
amputee) bodies and not therefore entirely applicable to the prostheses. 
9.4  Suggestions for Future Work 
An understanding of non-amputee gait is a precondition when investigating the gait of amputees. 
With limited gait studies on the camber ambulation of non-amputees, some assumptions in the 
observation of the gait of non-amputees cannot be proved. Future work in gait analysis with non-
amputees on varying degrees of camber is suggested to improve the understanding of camber 
ambulation and the effect of leg domination in the walking conditions which make an increased 
requirement for balance control. An expansion in the study of gait symmetry to varying degrees of 
slope and walking speeds is suggested to investigate the functional gait asymmetry theory. In 
addition, as previously discussed in section 6.5.3, the construction of separate normal databases 
for different ages and genders is suggested. Based on the observation during data collection, the 
slope needs to be lengthened to investigate the gait of non-amputees in descending slope. 
 
A follow-up study with increased number of both conventional and osseo-integrated subjects, 
with unified prosthetic knee and shoes (where practical), and separate TFA groups for different 
residual limb lengths is required to confirm the improvement observed in this project and verify 
the assumptions. The strategies to adapt to different walking conditions in osseo-integrated 
subjects needs to be investigated as the subject OI1 showed some different changes in the 
kinematic and kinetic parameters compared with conventional TFAs. FEA could be carried out 
using the forces and moments that were applied to the abutment during different activities to assist 
with the implant, abutment and torque adaptor design for the osseo-integrated subjects to avoid 
the failure of the abutment or even the implant system. 
 
The obstacle crossing and stair ambulation were removed from the main study with TFAs in this 
research due to the consideration for the safety of subjects, limitation of the prosthetic knee 
function, and defects in the laboratory setup. However, these activities are still commonly 
performed by active TFAs during daily living and there are limited published studies in these 
areas. Future studies with improved laboratory setup and improved safety, and with TFAs that are 
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able to perform step-over-step walking on stairs, are suggested. To support analysis from future 
studies, a normative non-amputee database in obstacle crossing and stair ambulation is available 
from this research. 
 
In this work, the TFAs showed increased pelvic motion to supplement the hip movement, which 
can lead to additional motion of COM and instability in gait. In addition, in slope ambulation, a 
greater adjustment in the COM was found in the TFAs because of the limitation of the prosthetic 
knee function. Although the motion of COM can be indicated by the pelvis and lower limb 
motion, a more accurate estimation of COM motion with TFAs is suggested in clinical gait 
analysis. To be more specific, one additional segment, the trunk, is suggested to be added to the 
biomechanical model. In addition, as discussed in section 8.5.3, many biomechanical parameters 
are affected by walking speed and when a self-selected walking speed is used in an experimental 
design, it might be better to apply a normalisation method based on walking speed to reduce the 
effect caused by speed. 
 
The practise/familiarisation period for the prosthetic ankles/feet in this project was relatively 
short. In the previous studies, this period ranged from 30 minutes to 4 weeks and so far there is 
not an agreement on the duration. In this research, the two subjects who attended the pilot test all 
walked faster than in the main test, which indicates a lack of confidence when using a new 
prosthetic ankle/foot even in the active prosthesis users selected. Therefore, a future study that 
continuously monitors the gait of TFAs after being fitted with a new prosthetic ankle/foot might 
be helpful in determining an appropriate familiarisation period.  
 
Gait asymmetry has been linked generally with several complications of trans-femoral amputation 
and more symmetry of gait is considered to be expected from good prostheses users. The primary 
outcome measure, the TSI in the sagittal plane ankle moment, was selected to evaluate the 
prosthetic ankles/feet because the bio-mimic ankle moment pattern has been linked with the 
substantial decrease in stresses on the residual limb (Pitkin, 1997). During this research, some 
symmetry parameters were found to not demonstrate any functional benefits to the TFAs as 
discussed in 8.5.3, such as the maximum knee flexion angle SI and the peak joint moment SIs in 
swing phase. Therefore, future studies that investigate the links between symmetry parameters 
and functional improvements in the performance of TFAs are needed to support effective 
prosthetic component evaluation and design. 
 
There are other commercially available hydraulic prosthetic ankles/feet, such as Motionfoot® MX 
(Motion Control Inc, US), OdysseyK2 (College Park Industries, US) and Kinterra (Freedom 
Innovations, US). Future studies with the hydraulic ankles/feet from different manufacturers are 
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required to confirm if the improvements observed in this research can considered as uniform 
characteristics of hydraulic ankles/feet. 
 
The issues of applying conventional inverse dynamics approach to prostheses have been noticed 
and discussed by several researchers. Some optimisation methods were developed and used in the 
inverse dynamics calculation with amputees. But these methods were only focused on the joint 
power. In some research, the major structure of the prosthetic ankles/feet is exposed, such as high 
dynamic prosthetic leg-ankle-foot devices for running, so that the markers can be placed based on 
the mechanical structure rather than the same positions as an intact (non-amputee) foot. Therefore 
the modelling of the prostheses can be specialised to different models/types. But most daily used 
prosthetic feet, like the three models used in this research, were generally covered by shell, sock 
and shoe during walking. So far there is no published work that will permit improved calculation 
of prosthetic joint moments when assessing prosthetic ankles/feet that are similar to the ones used 
in this research. To help obtaining more accurate prosthetic joint moments, the development of 
both direct measuring methods and inverse dynamic approaches is needed in the future. 
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Appendix I. Construction of the Five Prosthetic Ankles/Feet 
A. Esprit 
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B. Echelon 
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C. EchelonVT 
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D. Elan 
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E. Very-Flex 
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Appendix II. Questionnaires for Evaluation of Prosthetic Ankles/Feet  
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Appendix III. Anthropometric Data Measurement and Marker 
Placement Protocol 
This protocol is modified from the clinical gait analysis protocol that used in the Gait Laboratory 
at Queen Mary’s Hospital.  
 
Anthropometric Parameters Recording  
1. Height 
Measure standing height with freestanding measure. Recorded barefoot and shod (as 
relevant to the gait data to be collected). 
2. Weight 
Recorded weight on weighing scales. 
3. Leg length 
Position: Patient lying on the plinth with both feet relaxed, but held in midline, and gentle 
pressure applied over the knee joint to maintain knee extension without moving into any 
resistance. 
Action: Measure with a tape measure hooked under the ASIS (anterior superior iliac 
spine), the bony projection at the end of the anterior iliac crest, to the lower border of the 
medial malleolus. Record leg length, repeat for other leg. 
4. Knee width 
Position: Locate the knee joint line, with the knee slightly flexed the joint line can be 
easily felt as a depressed area lateral to the apex of the patella. Mark the position of the 
joint line with your finger as the patient extends the knee. Ask patient to stand with feet 
shoulder width apart with weight equally balanced through both legs (if possible). 
Action: Using the slide anthropometer measure horizontal knee joint width at the level of 
the located knee joint line. Record knee width, repeat for other knee. 
5. Ankle width 
Position: Ask patient to stand with feet shoulder width apart with weight equally balanced 
through both legs (if possible) 
Action: Using the slide anthropometer measure maximum horizontal ankle width across 
the two malleoli. Record ankle width, repeat for other ankle. 
6. 1st metatarsal height 
Position: Ask patient to sit with foot held off the floor 
Action: Locate the 1
st
 metatarsal head. Using the slide anthropometer measure 1
st
 
metatarsal height across these bony landmarks. Record foot height, repeat for other foot. 
7. 5th metatarsal height 
Position: Ask patient to sit with foot held off the floor 
Action: Locate the 5
th
 metatarsal head. Using the slide anthropometer measure 5
th
 
metatarsal height across these bony landmarks. Record foot height, repeat for other foot. 
 
Marker Placement 
1. ASIS 
Locate the ASIS by running finger anteriorly and distally along the iliac crest to the bony 
prominence. Keeping finger in place to mark the position and place the marker directly 
over the ASIS. 
2. Sacrum 
Placement: Find the dimples that lie over the PSISs, palpate the PSIS. Place the marker in 
the middle of the line between them, so that the top of the marker lies on top of this line. 
3. Thigh 
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Placement: Locate the greater trochanter. Viewing the patient in the sagittal plane, 
position the thigh wand marker laterally on the thigh in a line between the greater 
trochanter and knee marker, but at a distance that minimises the risk of the marker being 
knocked during arm swing. Once the wand is in place its stem can be moved to align the 
wand marker accurately. 
4. Knee 
With the knee slightly flexed the joint line can be easily felt as a depressed area lateral to 
the apex of the patella. Mark the position of the joint line with finger as the patient 
extends the knee. With the knee in extension, feel the width of the knee at this joint line, 
excluding the patella. Divide this width into two equal parts and place the marker in the 
middle. 
5. Shank  
Placement: Viewing the patient in the sagittal plane, position the wand laterally on the 
shank between the knee marker and the lateral malleolus, below the bulk of the calf 
muscle. Once the wand is in place its stem can be moved to align the wand marker 
accurately. 
6. Ankle 
Place the marker on the most prominent area of the lateral malleolus. 
7. 1MET 
Place the marker on the most prominent area of the 1st metatarsal heads. 
8. 5MET 
Place the marker on the most prominent area of the 5st metatarsal heads. 
 
Marker Alignment 
· Two examiners are needed; one to palpate the greater trochanter and move the marker, 
one to check the alignment in the sagittal plane. 
· Ask the patient to stand in the middle of the measurement volume. 
· To ensure consistency in wand alignment the patient should stand in a repeatable position, 
for example one approach is to have both feet aligned parallel to each other and parallel to 
the force plates (a simple foot template can be used, as shown in the figure). For some 
patients this will not be possible due to pain or balance restrictions, in which case the leg 
that is being aligned should be placed with the foot parallel to the force plates. 
· One examiner kneels or sits behind the patient and holds one finger on the greater 
trochanter (if only one person is running the session the greater trochanters can be marked 
with tape). 
· The second examiner sits at 90° to the patient approximately 2m away and uses the 
alignment device/ruler to guide the 1st examiner in moving the thigh and shank wands. 
· With the greater trochanter located and the foot correctly aligned, the thigh wand is 
moved such that the trochanter finger point, thigh wand marker and knee marker are co-
linear (see figure below). 
· When this has been done the shank wand is moved such that the knee marker, shank wand 
marker and lateral malleolus marker are co-linear. 
· This procedure should be repeated at the end of data collection and any variation in wand 
alignment should be noted.  
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Appendix IV. Biomechanics Modelling from Helen Hayes Marker Set 
The HH pelvis refers to a pelvis segment model defined by Davis et al. in 1991 (Davis III et al., 
1991). The three markers that are used to determine the pelvis SCS are the sacrum, lasis and rasis. 
The origin of the pelvis SCS is located midway between the two ASIS markers. First, vector 𝑟1⃗⃗⃗   
and 𝑟2⃗⃗  ⃗⁡are defined by: 
 
𝑟1⃗⃗⃗  = 0.5(𝒍𝒂𝒔𝒊𝒔 + 𝒓𝒂𝒔𝒊𝒔) − 𝒔𝒂𝒄𝒓𝒖𝒎 
𝑟2⃗⃗  ⃗ = 𝒍𝒂𝒔𝒊𝒔 − 𝒓𝒂𝒔𝒊𝒔 
(1) 
 
where a bolded marker name represents the x, y and z coordinates of the marker in GSC, e.g., 
𝒔𝒂𝒄𝒓𝒖𝒎 =⁡ [𝑥𝑠𝑎𝑐𝑟𝑢𝑚 𝑦𝑠𝑎𝑐𝑟𝑢𝑚 𝑧𝑠𝑎𝑐𝑟𝑢𝑚]. The vector 𝑟2⃗⃗  ⃗ is then normalised to define the unit 
vector 𝑒𝑃𝑌⃗⃗ ⃗⃗ ⃗⃗ . The vector 𝑟3⃗⃗  ⃗ is then calculated with a Gram-Schmidt orthogonalisation procedure: 
 
𝑟3⃗⃗  ⃗ = 𝑟2⃗⃗  ⃗ − (𝑟1⃗⃗⃗  ∙ 𝑒𝑃𝑌⃗⃗ ⃗⃗ ⃗⃗ ) ∙ 𝑒𝑃𝑌⃗⃗ ⃗⃗ ⃗⃗  (2) 
  
𝑟3⃗⃗  ⃗ is then normalised to define unit vector 𝑒𝑃𝑋⃗⃗ ⃗⃗ ⃗⃗  . Unit vector 𝑒𝑃𝑍⃗⃗ ⃗⃗ ⃗⃗  is then computed from the vector 
cross product of 𝑒𝑃𝑋⃗⃗ ⃗⃗ ⃗⃗   and 𝑒𝑃𝑌⃗⃗ ⃗⃗ ⃗⃗ . Similar processes are repeated to define the SCS of each lower 
segment. 
 
The hip joint centring algorithm for HH pelvis was developed at Newington Children’s Hospital 
in USA through the radiographic examination of 25 hip studies in 1981 (Davis III et al., 1991). 
Particular mean values, such as θ and β, and relationships, such as C, a function of leg length 
(Lleg), were produced in the studies (Figure A-1). θ and β were found to be 28.4 (±6.6) and 18 (±4) 
degrees, respectively, and C can be predicted by: 
 
𝐶 = 0.115𝐿𝑙𝑒𝑔 − 0.0153 (3) 
  
 
Figure A-1: Hip joint centring geometry (Davis III et al., 1991). 
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Then the position of hip joint centre in the pelvic SCS is defined as: 
 
𝑥𝐻 = [−𝑥𝑑𝑖𝑠 − 𝑟𝑚𝑎𝑟𝑘𝑒𝑟] cos(𝛽) + 𝐶 cos(𝜃) sin(𝛽) 
𝑦𝐻 = 𝑆[𝐶 sin(𝜃) −
𝑑𝐴𝑆𝐼𝑆
2
] 
𝑧𝐻 = [−𝑥𝑑𝑖𝑠 − 𝑅𝑚𝑎𝑟𝑘𝑒𝑟] sin(𝛽) − 𝐶cos⁡(𝜃)cos⁡(𝛽) 
(4) 
 
where Rmarker is the marker radius, S equals +1 for the right side and -1 for the left side, and: 
 
𝑑𝐴𝑆𝐼𝑆 = √(𝑥𝑟𝑎𝑠𝑖𝑠 − 𝑥𝑙𝑎𝑠𝑖𝑠)2 + (𝑦𝑟𝑎𝑠𝑖𝑠 − 𝑦𝑙𝑎𝑠𝑖𝑠)2 + (𝑧𝑟𝑎𝑠𝑖𝑠 − 𝑧𝑙𝑎𝑠𝑖𝑠)2 
𝑥𝑑𝑖𝑠 = 0.1288𝐿𝑙𝑒𝑔 ⁡− ⁡0.04856 
(5) 
 
The knee joint centre location is calculated in thigh SCS based on the coronal plane knee width 
(Wknee): 
 
𝑥𝐾 = 0 
𝑦𝐾 = 𝑆(𝑅𝑚𝑎𝑟𝑘𝑒𝑟 + 0.5𝑊𝑘𝑛𝑒𝑒) 
𝑧𝐾 = 0 
(6) 
  
The estimation of ankle joint centre applies the same strategy as used for knee joint centre. 
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Appendix V. Kinematic Data Processing 
In this study, the kinematic variables that need to be computed include the lower joint angles, the 
linear velocities and accelerations of the COM of each lower joint segment, and the angular 
velocities and accelerations of segments. The basic information required for calculating these 
parameters are introduced below. 
 
Joint Angles 
The joint angle can be computed from the transformation between two coordinate systems that is 
described by a rotation matrix. It is known that a rotation matrix in space contains 3×3 elements: 
 
𝑅 = |
𝑐𝑜𝑠𝜃𝑧𝑐𝑜𝑠𝜃𝑦 𝑐𝑜𝑠𝜃𝑧𝑠𝑖𝑛𝜃𝑥 + 𝑠𝑖𝑛𝜃𝑧𝑐𝑜𝑠𝜃𝑥 −𝑐𝑜𝑠𝜃𝑧𝑠𝑖𝑛𝜃𝑦𝑐𝑜𝑠𝜃𝑥 + 𝑠𝑖𝑛𝜃𝑧𝑠𝑖𝑛𝜃𝑥
−𝑠𝑖𝑛𝜃𝑧𝑐𝑜𝑠𝜃𝑦 −𝑠𝑖𝑛𝜃𝑧𝑠𝑖𝑛𝜃𝑦𝑠𝑖𝑛𝜃𝑥 + 𝑐𝑜𝑠𝜃𝑧𝑐𝑜𝑠𝜃𝑥 𝑠𝑖𝑛𝜃𝑧𝑠𝑖𝑛𝜃𝑦𝑐𝑜𝑠𝜃𝑥 + 𝑐𝑜𝑠𝜃𝑧𝑠𝑖𝑛𝜃𝑥
𝑠𝑖𝑛𝜃𝑦 −𝑐𝑜𝑠𝜃𝑦𝑠𝑖𝑛𝜃𝑥 𝑐𝑜𝑠𝜃𝑦𝑐𝑜𝑠𝜃𝑥
| 
       = |
𝑅11 𝑅12 𝑅13
𝑅21 𝑅22 𝑅23
𝑅31 𝑅32 𝑅33
| (7) 
  
where θx, θy, and θz are the angles that initial coordinate system needs to be rotated about its x, y, 
and z axis by sequence to transfer to target coordinate system. 
 
Take the knee joint angle for example, as showed in Figure A-2, assume the SCSs of thigh and 
shank segments have already been computed using the method introduced in Appendix III. The 
rotation matrix Rknee joint from the thigh SCS to shank SCS can be calculated by: 
 
𝑅𝑘𝑛𝑒𝑒⁡𝑗𝑜𝑖𝑛𝑡 = 𝑅𝑠ℎ𝑎𝑛𝑘 × 𝑅𝑡ℎ𝑖𝑔ℎ
′  (8) 
  
 where Rshank and Rthigh is the rotation matrix from GCS to shank and thigh SCSs, respectively. 
This equation can be described in a more generate form: 
 
𝑅𝑗𝑜𝑖𝑛𝑡 = 𝑅𝑑𝑖𝑎𝑡𝑎𝑙 × 𝑅𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙
′  (9) 
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Figure A-2: Calculate joint angles from the SCSs of proximal and distal segment. 
 
According to Equation 7, the joint angles in three planes can then be calculated in sequence by: 
 
𝜃𝑦 = asin(𝑅20) 
𝜃𝑧 = asin (−
𝑅10
𝑐𝑜𝑠𝜃𝑦
) 
𝜃𝑥 = asin⁡(−
𝑅21
𝑐𝑜𝑠𝜃𝑦
) 
(10) 
 
Linear and Angular Velocities and Accelerations 
The calculation of linear velocities is handled by finite difference method. Typically, the linear 
velocity of a point in x direction, vx, is computed as the derivative of position x:  
 
𝑣𝑥 = lim
∆𝑡→0
𝑥(𝑡 + ∆𝑡) − 𝑥(𝑡)
∆𝑡
=
∆𝑥
∆𝑡
=
𝑑𝑥
𝑑𝑡
 (11) 
  
When Δt, the sampling interval, is comparatively small, during any two adjacent sampling 
intervals, the motion of point can be assumed as uniform linear motion with the velocity at the 
middle sample (Figure A-3): 
 
𝑣𝑥𝑖 =
𝑥𝑖+1 − 𝑥𝑖−1
2∆𝑡
 (12) 
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Figure A-3: Finite-difference technique for calculating the slope of a curve at the i
th
 sample point (Winter, 
2009). 
 
For angular velocities, the formula is the same except that the displacement data is replaced by 
angular data: 
 
𝜔𝑥 =
𝜃𝑖+1 − 𝜃𝑖−1
2∆𝑡
 (13) 
  
The acceleration can be calculated in a similar way: 
 
𝑎𝑥𝑖 =
𝑣𝑥𝑖+1 − 𝑣𝑥𝑖−1
2∆𝑡
 (14) 
  
Equation 14 requires the displacement data from samples i+2 and i-2, which means a total of five 
adjacent successive data points are needed for computing one acceleration. An alternative 
calculation method uses only three successive data coordinates and utilises the calculated 
velocities halfway between sample times: 
 
𝑣𝑥𝑖+1/2 =
𝑥𝑖+1 − 𝑥𝑖
∆𝑡
 
𝑣𝑥𝑖−1/2 =
𝑥𝑖 − 𝑥𝑖−1
∆𝑡
 
(15) 
  
Substituting these “halfway” velocities into Equation 4.15, the acceleration can then be calculated 
by: 
 
𝑎𝑥𝑖 =
𝑥𝑖+1 − 2𝑥𝑖 + 𝑥𝑖−1
∆𝑡2
 (16) 
  
For angular accelerations merely replace displacement data with angular data in Equations (14) or 
(16). 
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Appendix VI. Anthropometric Data Calculation in Non-amputees 
 
 
Take the thigh segment for example, according to the proportionate parameters given in the table, 
the mass and length of the thigh is: 
 
𝑀𝑡ℎ𝑖𝑔ℎ = 0.1 × 𝐵𝑜𝑑𝑦⁡𝑀𝑎𝑠𝑠 
𝐿𝑡ℎ𝑖𝑔ℎ = 0.245 × 𝐵𝑜𝑑𝑦⁡𝐻𝑒𝑖𝑔𝑡ℎ 
(17) 
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and the COM of thigh is on the line between the hip and knee joint centres at a distance of 
0.433 × 𝐿𝑡ℎ𝑖𝑔ℎ from the proximal end of thigh (hip joint centre). 
 
The calculation of moment of inertia, I, is slightly complex as it changes depending on the 
rotation axis. The moment of inertia of a segment about the COM, I0, can be calculated by: 
 
𝐼0 = 𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑘
2 (18) 
  
where k is the radius of gyration.  
 
However, in a gait study, the limb segments are considered to rotate about their proximal or distal 
end, the joints, rather than the COM. Then the relationship between the moment of inertia about 
these points and I0 is given by the parallel-axis theorem: 
 
𝐼𝑥 = 𝐼0 + 𝑀𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑥
2 (19) 
  
where x is the distance, between COM and centre of rotation. For convenience, the radius of 
gyration about either end of a segment is provided in the table as well. 
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Appendix VII. AMTI Force Plate BP400600-2000 Specification and 
Relevant Calculations 
 
 
 
Conversion between Analog Signals and Loads in AMTI Force Plates 
Beside the offsets, the sensitivities of the 6 channels to all applied load components are 
determined in the calibration procedure and provided in a 6 × 6 matrix, denoted as S(I,J). The 
sensitivities are represented by the main diagonal terms of the matrix, while the crosstalk value is 
expressed by off-diagonal terms.  
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When a load, represented by a matrix containing 6 load component values (Fx, Fy, Fz, Tx, Ty, Tz), is 
applied on the force plate and causes a known load about the true origin, described by a matrix 
containing the 6 load component values (Fx, Fy, Fz, Mx, My, Mz), the output voltages from the 
amplifier, expressed as a matrix containing the analogue signal value (VFx, VFy, VFz, VMx, VMy,VMz) 
from 6 channels, can be calculated by: 
 
[
 
 
 
 
 
𝑉𝐹𝑥
𝑉𝐹𝑦
𝑉𝐹𝑧
𝑉𝑀𝑥
𝑉𝑀𝑦
𝑉𝑀𝑧]
 
 
 
 
 
=
[
 
 
 
 
 
𝑆11
𝑆21
𝑆31
𝑆12
𝑆22
𝑆32
𝑆41 𝑆42
𝑆13
𝑆23
𝑆33
𝑆14
𝑆24
𝑆15
𝑆25
𝑆16
𝑆26
𝑆34 𝑆35 𝑆36
𝑆43 𝑆44 𝑆45 𝑆46
𝑆51 𝑆52
𝑆61 𝑆62
𝑆53 𝑆54 𝑆55 𝑆56
𝑆63 𝑆64 𝑆65 𝑆66]
 
 
 
 
 
×⁡
[
 
 
 
 
 
𝐹𝑥
𝐹𝑦
𝐹𝑧
𝑀𝑥
𝑀𝑦
𝑀𝑧]
 
 
 
 
 
⁡× CF (20) 
 
Where CF is the conversion factor that is calculated from the amplifier gain, excitation voltage 
and conversion from microvolts to volts: 
 
CF = ⁡𝑉𝑒𝑥𝑐𝑖𝑡𝑒 × 𝐺𝑎𝑚𝑝 × 10
−6 (21) 
 
For most applications, the GRF is unknown and needs to be calculated from the measured output 
voltages. In this case, the inverse of the sensitivity matrix, known as the calibration matrix and 
labelled C(I,J), is provided within the calibration report as well. The load about the true origin can 
be calculated from the 6 output voltages by: 
 
[
 
 
 
 
 
𝐹𝑥
𝐹𝑦
𝐹𝑧
𝑀𝑥
𝑀𝑦
𝑀𝑧 ]
 
 
 
 
 
=
[
 
 
 
 
 
𝐶11
𝐶21
𝐶31
𝐶12
𝐶22
𝐶32
𝐶41 𝐶42
𝐶13
𝐶23
𝐶33
𝐶14
𝐶24
𝐶15
𝐶25
𝐶16
𝐶26
𝐶34 𝐶35 𝐶36
𝐶43 𝐶44 𝐶45 𝐶46
𝐶51 𝐶52
𝐶61 𝐶62
𝐶53 𝐶54 𝐶55 𝐶56
𝐶63 𝐶64 𝐶65 𝐶66]
 
 
 
 
 
×⁡
[
 
 
 
 
 
𝑉𝐹𝑥
𝑉𝐹𝑦
𝑉𝐹𝑧
𝑉𝑀𝑥
𝑉𝑀𝑦
𝑉𝑀𝑧]
 
 
 
 
 
/⁡CF (22) 
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Appendix VIII. JR3 Sensor 45E15A Interface 
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Appendix IX. Dimensions of Slope and Stair Platforms 
Inclined Slope 
 
Length of whole pathway: 9.5m 
 Pre-level ground: 2m 
 Slope: 6m 
 Level platform: 1.5m 
Width of pathway: 1m 
Degree of slope: 5° 
 
Camber Slope 
 
Length of whole pathway: 10m 
 Pre-level ground: 2m 
 Slope: 6m 
 Post-level ground part: 2m 
Width of pathway: 1m 
Degree of slope: 2.5° 
 
Stair 
 
Rise of step: 0.18m 
Tread of step: 0.3m 
Width of stair: 1m 
Number of steps: 5 
Length of level platform: 1.5m 
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Inclined Slope Elements Real Dimensions 
 
Force Plate 1 Element Force Plate 2 Element 
10.40kg 11.19kg 
H1: 0.2790m 
H2: 0.2800m 
H3: 0.2265m 
H4: 0.2265m 
L12: 0.3985m 
L23: 0.6000m 
L34: 0.3990m 
L41: 0.6000m 
H1: 0.3315m 
H2: 0.3315m 
H3: 0.2795m 
H4: 0.2785m 
L12: 0.3985m 
L23: 0.5995m 
L34: 0.3990m 
L41: 0.6000m 
 
Camber Slope Elements Real Dimensions 
 
Force Plate 1 Element Force Plate 2 Element 
3.50kg 3.51kg 
H1: 0.0480m 
H2: 0.0300m 
H3: 0.0300m 
H4: 0.0480m 
L12: 0.4000m 
L23: 0.5995m 
L34: 0.4000m 
L41: 0.5990m 
H1: 0.0485m 
H2: 0.0300m 
H3: 0.0300m 
H4: 0.0485m 
L12: 0.4000m 
L23: 0.5990m 
L34: 0.3995m 
L41: 0.6000m 
 
Stair Elements Real Dimensions 
 
Force Plate 1 Element Force Plate 2 Element 
9.16kg 17.80kg 
H1: 0.3590m 
H2: 0.3595m 
H3: 0.3595m 
H4: 0.3590m 
L12: 0.3995m 
L23: 0.5995m 
L34: 0.3990m 
L41: 0.6000m 
H1: 0.5410m 
H2: 0.5400m 
H3: 0.5410m 
H4: 0.5410m 
L12: 0.3990m 
L23: 0.6000m 
L34: 0.3995m 
L41: 0.6000m 
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Appendix X. Non-amputee Data Collection Protocol 
Pilot collection in the non-amputee group 
Purposes of pilot collection in the non-amputee group 
· Confirm the performance of platforms and handrails. 
· Run through the data collection process and check logistical issues. 
· Collect pilot data to produce models and templates that will be used in subsequent data 
analysis. 
· Record any problems in the data collection process and produce response options for the 
future main data collection. 
 
Summary of activities on the experimental day 
1.1 Experiment device preparation 30 minutes (participant does not need to be 
present) 
1.2 Introduction and administration 15 minutes 
1.3 Participant preparation 30 minutes  
1.4 Walking session 50 minutes (25 min. walking)  
1.5 Completion 20 minutes 
Total time 145 minutes (participant presents for 115 minutes 
and walks for 25 minutes) 
 
1  Experiement device preparation 
Estimated time 30 minutes 
a. Turn on the air-conditioning/heating. Record room temperature. 
b. Check the computer, 3D motion capture system and force plates. Ensure the devices 
communicate with the cooperating software. If any problem is found with the computer or 
software, use the backup personal laptop. 
c. Calibrate the motion capture system and force plates. 
d. Ensure there are copies available of the information sheet, participant consent form and 
data record form. 
 
2 Introduction and administration  
 Estimated time 15 minutes  
a. Welcome participant to the Centre. Explain the study and process.  
b. Participants not eligible will leave the study. If the criteria are met provide an opportunity 
to re-read the information sheet away from the research team. 
c. Discuss the study with the participant and answer any further questions they have. If the 
participant understands and agrees to participate, provide a consent form for them to 
complete. 
d. Following receipt of informed consent, ask participants to change into close fitting shorts 
(either their own, or Lycra shorts provided), for the purposes of examination and motion 
capture. 
e. In the following sections, the participant can have extra rest whenever they feel tired or 
leave the experiment if they do not feel able to continue for any reason. 
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3  Participant preparation 
 Estimated time 30 minutes 
a. The participant will be bare foot during the data collection. Measure standing height with 
a free-standing measure in metres. Record weight from the digital scales in kg. 
b. Measure and record the leg length, knee joint width, ankle width, forefoot width and 
forefoot height of each leg. This data is requried to build the biomechanical model. 
c. Place retro-reflective markers on participant’s body surface: sacrum, left and right ASIS, 
thigh wands, lateral femoral epicondyles, shank wands, lateral malleoli, heels and toes (at 
mid 1st and 5th metatarsal heads). Align the thigh and shank wand markers. 
d. Take sagittal and coronal photographs for reference. 
e. Ask the participant to stand at one force plate. Record a 10 second standing posture force 
capture. 
f. In the following sections, check the alinement of the body markers before recording 
different activities. If the markers need to be repositioned, record another standing posture 
capture. 
g. Ask the participant to practise walking on the marked pathway and add necessary ground 
marks to help the participant make ‘clean’ single foot only contact with the force plates. 
 
4  Walking session  
A. Level ground walking 
Estimated time 8 minutes (5 minutes of walking between breaks) 
A1. Normal Speed walking 
a. Ask participant to perform 5 trials of level ground walking on the asked pathway (10 
metres in length) at a self-selected comfortable speed. 
 
A2. Faster Speed walking 
b. Ask participant to perform 5 trials of level ground walking on the asked pathway at a 
faster speed that the participant finds acceptable. 
Rest for 2 minutes. 
B. Obstacle crossing 
Estimated time 6 minutes (3 minutes of walking between breaks) 
a. While the participant rests, arrange the obstacle (0.1 m in height, 0.1 m in depth, 1 m in 
width) on the pathway. 
b. Ask participant to perform 5 trials of going over the obstacle. 
Rest for 2 minutes. 
C. Slope walking 
Estimated time 24 minutes (12 minutes of walking between breaks) 
 
C1. Inclined walking 
a. While the participant rests, arrange the uphill/downhill slope platforms (set to 5°, 6 metres 
in length) and handrails on the pathway. 
b. Ask the participant to walk freely on the slope to become familiar with use. 
c. Ask the participant to perform 5 trials of slope walking (walk uphill, stop and turn around, 
walk downhill) on the asked pathway at a comformable speed that the participant enjoys. 
Rest for 2 minutes. 
C2. Camber walking 
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d. While the participant rests, arrange the camber slope walking (set to 2.5°, 6 metres in 
length) platforms on the pathway. 
e. Ask the participant to walk freely on the slope to become familiar with use. 
f. Ask the participant to perform 10 trials of camber slope walking (walk through the slope 
from two different directions, 5 trials of each) on the asked pathway at a self-selected 
comfortable speed. 
Rest for 2 minutes. 
D. Stair ascending/descending 
Estimated time 12 minutes (5 minutes of walking between breaks) 
a. While the participant rests, arrange the stairs (step rise of 18 mm, tread of 300 mm, 5 
steps in total) and handrails on the pathway. 
b. Ask the participant to walk freely on the stairs to become familiar with use. 
c. Ask the participant to perform 5 trials of stair ascending/descending (ascend stairs, stop 
and turn, desend stairs) at a self-selected comfortable speed. 
 
5 Completion 
 Estimated time 20 minutes  
a. On completion, or at any time that the participant chooses to withdraw from the study, 
remove the markers. 
b. Ask the participant to change back into their normal clothes. 
c. Provide an opportunity for the participant to discuss the study with the experimenters and 
view any video images and data if they are interested. 
d. The participant is free to leave the study. 
e. Secure video and photographic data and check anonymity is retained on the recording 
sheet. 
f. Make a copy of the data. 
g. Remove the platforms from force plates. Turn off all equipment. 
 
Main collection in the non-amputee group 
Purposes of main collection in non-amputee group 
· Collect the gait data forming the non-amputee gait database. 
Summary of activities on the experimental day 
 Use the same protocol for pilot collection in the non-amputee group. 
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Appendix XI. Ethic University of Surrey Ethics Committee Approval 
Document 
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Appendix XII. Participant Information Sheet for Non-Amputee Group 
Title of Study: 
Comparison of Conventional and Osseointegrated Amputee Prosthetic Gait when using Two 
Different Prosthetic Ankles/Feet 
You are being invited to take part in a research study being conducted at the Centre for 
Biomedical Engineering, University of Surrey. Before you make a decision, it is 
important for you to understand why the research is being done and what it will involve. 
Please take time to read the following information carefully. Please ask us if there is 
anything that is not clear or if you would like more information. Take time to decide 
whether or not you wish to take part. Thank you for reading this. 
 
What is the purpose of the study? 
The purpose of the study is to investigate how the walking patterns of conventional and 
osseointegrated trans-femoral amputees are influenced by two types of prosthetic 
ankle/feet in different common daily activities. 
 
Osseointegration is a surgical technique that allows direct connection between a 
prostheses and bone. Conventional prostheses users attach the prostheses to their stump 
using a socket. Osseointegrated amputees have a titanium implant in the cavity of the 
femur and a coupling device, the abutment, is inserted into the implant and protrudes 
through the soft tissue at the end of the thigh so that the external prosthesis can attach to 
the implant system (Figure 1). Unlike traditional amputation treatments, that have been 
widely applied, osseointegration is still a developing technique and studies on the impact 
of the technique on walking activities are limited. 
 
 
Figure 1. Schematic drawing of non-amputee (A), socket prosthesis (B) and osseointegrated prosthesis (C). 
 
In this study, we will collect gait data from a non-amputee group, a conventional socket-
amputee group and an osseo-amputee group. The data from amputees will be collected 
with two types of prosthetic ankles/feet that provide different ROM at the ankle. We 
Appendices 
 
272 
expect this study will provide a greater awareness of the changes in gait between the two 
methods of prosthetic limb attachment and further insight into the clinical relevance of 
prosthetic ankles/feet. 
 
Why have I been invited? 
For comparative purpose, we wish to recruit subjects without amputation or other walking 
difficulties to provide a reference non-amputee group. We would like to recruit twelve 
subjects without amputation for this study. 
 
You are suitable for inclusion in the trial if you wish to be, if you fulfill the selection 
criteria: 
 Over the age of 18. 
 Without known motor impairments and injuries that limit your movement. 
 Without uncorrected visual, auditory or vestibular impairment that affects balance, 
walking or the ability to follow and respond to verbal instructions. 
 
Do I have to take part? 
No. Taking part is entirely voluntary. It is up to you to decide whether or not take part. If 
you do decide to take part you will be given this information sheet to keep and be asked 
to sign a consent form. If you decide to take part you are still free to withdraw at any time 
without giving a reason. 
 
What will happen to me if I take part? 
Your involvement in the study will require a visit to the Duke of Kent Building on the 
University of Surrey campus for data collection. We will contact you to make 
appointments for your visit. It will be arranged at the date and time that is convenient for 
you.  Please bring a pair of shorts with you when you visit the University (for motion 
capture, Lycra shorts can be provided if you do not have these available). 
 
During the visit, we will first give you an overview of the project and answer any 
questions you have. You will be provided the consent form to complete and will be given 
a copy of the consent form to keep. 
 
We will ask you to change into appropriate clothing (the shorts you bring or the Lycra 
shorts we can provide). You will be bare foot during the test. We will then take 
measurements of your height and weight, and leg length, knee joint width, ankle width, 
forefoot width and forefoot height of each leg. These parameters are required for building 
the skeletal model in subsequent data analysis. After that, we will attach retro-reflective 
markers (small reflective balls), on your skin to your waist, thigh, knee, shank, ankle and 
feet using hypoallergenic double sided tape (Figure 2). The position of these markers will 
be ‘captured’ by 8 cameras while you walk. Photographs of the marker setup will be 
taken and we will also record a 10 second stand for reference. 
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Figure 2. Reflective markers and the positions they will be placed. 
 
Afterwards you will be asked to walk on different terrains outlined below. As we want to 
collect the force you apply on the floor, you will need to make ‘clean’ single foot only 
contact with the force plates on the ground. You will be given time for practice before the 
walking data is collected. Rests will be given between the different activities and you can 
ask for extra rest at any time during the test. The activities are: 
 
Level ground walking (10 metres in length): 
 Walk at your comfortable normal speed about 5 times. 
 Walk at your comfortable fast speed about 5 times. 
 
Obstacle crossing (the obstacle is 0.1 metres in height and in depth): 
 Walk and cross over the obstacle leading with the leg you prefer about 5 times. 
 Walk and cross over the obstacle leading with the other leg if possible about 5 
times. 
 
Slope walking (two kinds of slopes will be tested, one is 5° in incline and the other one 
has a 2.5° camber, both are 6 metres in length): 
 Walk uphill, stop and turn, and then walk downhill about 5 times. 
 Walk across the camber slope about 10 times (5 times in each direction). 
 
Stair ascending/descending (step rise of 0.18 metres, tread of 0.3 metre, 5 steps in total): 
 Ascend the stairs, stop and turn, and then descend the stairs about 5 times. 
 
Following the measurements, we will remove the markers and you will be asked to 
change back into your normal clothes. We will show you your video images and data if 
you are interested. Your visit will last approximately 2 hours and your walking time will 
be about 25 minutes. 
 
What are the possible disadvantages and risks of taking part? 
All activities that will be tested in the research are considered as being commonly 
performed on a daily basis. The dimensions of the slopes, stairs and handrails are based 
on the British Standards Publication ‘Design of buildings and their approaches to meet the 
needs of disabled people - Code of practice’. We will give you time to practice before 
each walking activity. 
 
What are the possible benefits of taking part? 
There will be no direct benefit to you from taking part in the study. However, the data 
collected from you will be very useful for studying osseointegrated prosthetic gait and 
evaluating the prosthetic ankles/feet used in this study. 
 
What will happen if I don’t want to carry on with the study? 
You are free to withdraw at any time without giving any reason, without your medical 
care or legal rights being affected. We will destroy all your identifiable materials, but we 
may still use the unidentifiable data collected up to your withdrawal. 
 
What if something goes wrong? 
You are expected to comply with instructions given to you during the study and to co-
operate fully with the investigators. You should inform us immediately if you suffer any 
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deterioration of any kind in your health and well-being, or experience any unexpected or 
unusual symptoms. However, you will be free to withdraw from the study at any time 
without needing to justify your decision and without prejudice.  
 
Advanced first aid facilities are available if required in the event of an emergency (such 
as cardiac arrest). A medical emergency is unlikely to occur as a result of this study. 
 
The University of Surrey holds two types of insurance to cover claims arising from its 
involvement in clinical trials: liability and no-fault. The liability policies cover the 
University against liability claims (i.e. where the University is at fault). The no-fault 
policy is intended to provide compensation to subjects, regardless of liability, in the event 
of their suffering a significant and enduring injury (including illness and disease) which, 
on the balance of probabilities, is directly attributable to their involvement in the trial.  
 
In the event of you suffering a significant and enduring injury (including illness or 
disease) as a direct result of participation in the study, compensation may be paid by the 
University subject to certain provisos and limitations.  The amount of compensation will 
be appropriate to the nature, severity and persistence of the injury and will, in general 
terms, is consistent with the amount of damages commonly awarded for similar injury by 
an English court in cases where the liability has been admitted. 
 
If you wish to complain about any aspect of the way you have been approached or treated 
during the course of this study please contact Prof. David Ewins. The normal University 
of Surrey complaints mechanisms may be available to you. 
 
Will my taking part in this study be kept confidential? 
We may use your photographs for teaching and presenting the research. There are 
detailed sections on the consent form for you to give permission for this or not as you 
wish. If you do consent we can cover your face in any photographs so that you remain 
anonymous. All information that is collected about you during the course of this research 
will be kept strictly confidential and any information about you that leaves the University 
will have your name removed so that you cannot be recognised from it. 
 
You GP will not need to be contacted concerning your participation in this study. 
 
What will happen to the results of the research study? 
The data will be collected and analysed by Xuefei Bai, who will have received 
appropriate training. The results of the work may be submitted for publication in 
academic journals. Should this happen, you will be identified only by a code, the key to 
which will be held in a secure location by the research team. Other use of identifiable data 
will conform to your wishes as given in the consent form. 
 
Who is organising and funding the research?  
This research is funded by the University of Surrey. No payment is being made to the 
investigators for running this study.  
 
Xuefei Bai is a PhD researcher at the University of Surrey, under the supervision of Dr 
Xu, Prof Ewins and Prof Crocombe. She has 6 years of experience in biomedical 
engineering.  
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Dr Wei Xu is a senior lecturer at the University of Surrey. He has more than 10 years 
experience in studies on implants for trans-femoral osseointegrated percutaneous 
attachment of prosthetic limbs. 
 
Prof David Ewins is a Consultant Clinical Scientist at the Douglas Bader Rehabilitation 
Centre, Queen Mary’s Hospital. He has more than 25 years experience in rehabilitation 
engineering.  
 
Prof Andrew Crocombe is a professor of structural mechanics at the University of Surrey. 
He also has more than 10 years experience in studies on implants for trans-femoral 
osseointegrated percutaneous attachment of prosthetic limbs. 
 
Who has reviewed the study? 
This study has been reviewed and received a favourable ethical opinion from the National 
Research Ethics Service and the University of Surrey Ethics Committee. 
 
Contact details of researchers 
 Xuefei Bai Prof David Ewins 
Tel: 01483 68 4572 0208 487 6014 
Email: x.bai@surrey.ac.uk  david.ewins@nhs.net 
Address: 
 
Centre for Biomedical Engineering 
FEPS 
University of Surrey 
Guildford  
SURREY 
GU2 7XH 
 
Gait Laboratory 
Douglas Bader Rehabilitation Centre 
Queen Mary’s Hospital 
London 
SW15 5PN 
 Dr Wei Xu Prof Andrew Crocombe 
Tel: 01483 68 2368 01483 68 9194 
Email: w.xu@surrey.ac.uk a.crocombe@surrey.ac.uk 
 Centre for Biomedical Engineering 
FEPS 
University of Surrey 
Guildford  
SURREY 
GU2 7XH 
Dept MES (J5) 
FEPS 
University of Surrey 
Guildford 
SURREY 
GU2 7XH 
 
Should you have any questions regarding this study please contact any of the 
investigators.   
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Appendix XIII. Analysis of Variance for Repeated Measures 
The repeated measures ANOVA is an equivalent of ANOVA but used to compare three or more 
groups of means recorded from the same group of subjects. This usually occurs in two kinds of 
experiment designs: (1) when subjects are measured multiple times to explore the changes over 
time; (2) when subjects are arranged to more than one condition to explore the difference in the 
response to each situation. Compared with independent ANOVA, the repeated measures ANOVA 
reduces the error variability that expressed by within-group variability (Guides). Like independent 
ANOVA, according to the number of variables, there are one-way repeated measures ANOVA, 
two-way repeated measures ANOVA etc. In this section only the theory of one-way repeated 
measures ANOVA were introduced for demonstration. 
 
The repeated measures ANOVA testes if there are difference between the related population 
means. The null hypothesis (H0) states that all means are equal: 
 
𝐻0:⁡𝜇1 = 𝜇2 = 𝜇3 = ⋯ = 𝜇𝑘 (23) 
 
where μ is the mean of population and k is the number of related groups. The alternative 
hypothesis (HA) states at least two related population means are not equal. If the repeated 
measures ANOVA result indicates there is statistically significant difference in the groups, then 
post hoc tests can be run to determine exactly where the difference occur. In repeated measures 
ANOVA an F-statistic is calculated as: 
 
𝐹 =⁡
𝑀𝑆𝑡𝑖𝑚𝑒
𝑀𝑆𝑒𝑟𝑟𝑜𝑟
⁡𝑜𝑟⁡𝐹 = ⁡
𝑀𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠
𝑀𝑆𝑒𝑟𝑟𝑜𝑟
 (24) 
 
where MSconditions or MStime is the mean sum of squares for between group, MSerror is the mean sum 
of squares for within group. Take MSconditions for example, 
 
𝑀𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 =⁡
𝑆𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠
𝑘 − 1
⁡ (25) 
 
where k is the number of conditions and SSconditions is the variability attributable to the difference 
between groups: 
 
Appendices 
 
277 
𝑆𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 =⁡∑𝑛𝑖(𝑥?̅? − ?̅?)
2
𝑘
𝑖=1
 (26) 
in which ni is the number of subjects under ith condition, 𝑥?̅? is the mean score for ith condition, 
and ?̅? is grand mean. The 𝑀𝑆𝑒𝑟𝑟𝑜𝑟 is given as: 
 
𝑀𝑆𝑒𝑟𝑟𝑜𝑟 =⁡
𝑆𝑆𝑒𝑟𝑟𝑜𝑟
(𝑛 − 1)(𝑘 − 1)
 (27) 
 
where SSerror is error variability and in repeated measures ANOVE, it is given by: 
 
𝑆𝑆𝑒𝑟𝑟𝑜𝑟 = 𝑆𝑆𝑤 − 𝑆𝑆𝑠𝑢𝑏𝑗𝑒𝑐𝑡 (28) 
 
in which SSw is within groups variability and SSsubjects is the variability due to the individual 
differences between subjects. SSw and SSsubjects can be expressed as follows: 
 
𝑆𝑆𝑤 = ∑(𝑥𝑖1 − 𝑥1̅̅ ̅)
2
1
+ ∑(𝑥𝑖2 − 𝑥2̅̅ ̅)
2
2
+ ⋯+ ∑(𝑥𝑖𝑘 − 𝑥𝑘̅̅ ̅)
2
𝑘
 
𝑆𝑆𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠 = 𝑘 × ∑(𝑥𝑖 − ?̅?)
2 
(29) 
 
After calculated the F-statistic, the critical F-statistic and p value can be ascertained from F-
distribution with certain degrees of freedom for conditions and error to determine if the F-statistic 
value indicates statistically significant. 
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Appendix XIV. Obstacle Crossing and Stair Ambulation Database from 
Non-Amputee Group 
The patterns of kinematic and kinetic variables are similar to level ground normal speed walking, 
therefore only the patterns of stair ambulation are given in appendix. As the left side showed 
similar patterns as right side, the mean curves (with ±1 standard deviations) at the right side from 
the non-amputee group are given below for demonstration. The purple vertical line shows the 
timing of the “toe-off” event and the two green vertical line show the timing of the “toe-off” and 
“initial contact” events at opposite. 
Parameters Ascending Stair Descending Stair 
Right side anterior/posterior GRF 
(+ve posterior) 
  
Right side lateral/medial GRF 
(+ve medial) 
  
Right side vertical GRF 
(+ve up) 
  
Right ankle inversion/eversion 
(+ve inversion) 
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Right ankle 
dorsiflexion/plantarflexion 
(+ve dorsiflexion) 
  
Right ankle adduction/abduction 
(+ve adduction) 
  
Right knee adduction/abduction 
(+ve adduction) 
  
Right knee flexion/extension 
(+ve flex) 
  
Right knee internal/external 
rotation 
(+ve flex) 
  
Right hip adduction/abduction 
(+ve adduction) 
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Right hip flexion/extension 
(+ve flexion) 
  
Right hip internal/external 
rotation 
(+ve internal) 
  
Right side pelvic obliquity 
(+ve up) 
  
Right side pelvic tilt 
(+ve sacrum up) 
  
Right side pelvic horizontal 
rotation 
(+ve internal) 
  
Rights side ankle invertor/evertor 
(+ve evertor) 
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Right side ankle 
dorsiflexor/plantarflexor 
(+ve plantarflexior) 
  
Right side ankle 
adductor/abductor 
(+ve abductor) 
  
Right side knee 
adductor/abductor 
(+ve abductor) 
  
Right side knee flexor/extensor 
(+ve extensor) 
  
Right side knee internal/external 
rotator 
(+ve external rotator) 
  
Right side hip adductor/abductor 
(+ve abductor) 
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Right side hip flexor/extensor 
(+ve extensor) 
  
Right side hip internal/external 
rotator 
(+ve external rotator) 
  
 
The means (standard deviations) of the spatial–temporal parameters in the non-amputee group in 
obstacle crossing and stair ambulation are given in the table below.  
Parameter 
Obstacle crossing 
swung the left leg over 
the obstacle first 
Obstacle crossing 
swung the right leg over 
the obstacle first 
Ascending stair Descending stair 
Left Right Left Right Left Right Left Right 
Speed (m/s) 
1.14 
(0.10) 
1.13 
(0.10) 
0.56 
(0.07) 
0.57 
(0.07) 
Stride Width (m) 
0.10 
(0.02) 
0.10 
(0.03) 
0.07 
(0.02) 
0.10 
(0.03) 
Stride Length (m) 
1.37 
(0.06) 
1.37 
(0.09) 
0.70 
(0.01) 
0.70 
(0.01) 
Cycle Time (s) 
1.21 
(0.09) 
1.22 
(0.09) 
1.28 
(0.16) 
1.25 
(0.16) 
Step Length (m) 
0.70 
(0.03) 
0.62 
(0.17) 
0.67 
(0.06) 
0.71 
(0.04) 
0.35 
(0.01) 
0.36 
(0.01) 
0.35 
(0.01) 
0.35 
(0.01) 
Step Time (s) 
0.62 
(0.05) 
0.59 
(0.04) 
0.60 
(0.04) 
0.62 
(0.05) 
0.64 
(0.07) 
0.64 
(0.09) 
0.64 
(0.09) 
0.62 
(0.07) 
Stance Time (s) 
0.68 
(0.05) 
0.71 
(0.07) 
0.72 
(0.06) 
0.68 
(0.06) 
0.79 
(0.12) 
0.80 
(0.11) 
0.74 
(0.10) 
0.77 
(0.11) 
Swing Time (s) 
0.52 
(0.04) 
0.50 
(0.03) 
0.51 
(0.04) 
0.53 
(0.04) 
0.50 
(0.05) 
0.49 
(0.05) 
0.50 
(0.06) 
0.48 
(0.05) 
 
The means (standard deviations) of the points of interest in the GRFs (normalised by body weight) 
in the non-amputee group in obstacle crossing and stair ambulation are given in the table below. The 
definitions of the point of interest can be found in Section 6.3.2. 
Point 
Obstacle crossing 
swung the left leg over 
the obstacle first 
Obstacle crossing 
swung the right leg over 
the obstacle first 
Ascending stair Descending stair 
Left Right Left Right Left Right Left Right 
GRFX1 -0.20 
(0.03) 
-0.24 
(0.06) 
-0.23 
(0.06) 
-0.21 
(0.04) 
-0.08 
(0.02) 
-0.08 
(0.01) 
-0.15 
(0.03) 
-0.15 
(0.02) 
GRFX2 0.25 
(0.03) 
0.26 
(0.02) 
0.27 
(0.03) 
0.26 
(0.03) 
0.08 
(0.01) 
0.08 
(0.02) 
0.14 
(0.03) 
0.13 
(0.02) 
GRFZ1 1.13 
(0.09) 
1.22 
(0.10) 
1.22 
(0.09) 
1.19 
(0.09) 
1.06 
(0.05) 
1.05 
(0.04) 
1.45 
(0.19) 
1.42 
(0.20) 
GRFZ1 1.15 
(0.04) 
1.19 
(0.08) 
1.19 
(0.10) 
1.16 
(0.07) 
1.21 
(0.07) 
1.21 
(0.07) 
0.94 
(0.10) 
0.95 
(0.11) 
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The means (standard deviations) of the points of interest in pelvic and lower joint angles in the non-
amputee group in obstacle crossing and stair ambulation are given in the table below. The definitions 
of the point of interest can be found in Section 6.3.2. 
Point 
Obstacle crossing 
swung the left leg over 
the obstacle first 
Obstacle crossing 
swung the right leg over 
the obstacle first 
Ascending stair Descending stair 
Left Right Left Right Left Right Left Right 
AAX1 
12.78 
(2.60) 
12.94 
(2.73) 
12.24 
(1.97) 
12.32 
(1.77) 
12.49 
(3.19) 
12.87 
(3.50) 
12.61 
(3.17) 
13.45 
(3.82) 
AAY1 
49.70 
(9.38) 
62.44 
(3.46) 
60.95 
(4.44) 
53.08 
(8.24) 
88.74 
(3.63) 
89.28 
(2.90 
42.09 
(4.16) 
43.24 
(3.82) 
AAY2 
47.65 
(8.26) 
60.05 
(2.47) 
58.39 
(3.25) 
50.36 
(7.46) 
92.69 
(3.73) 
93.29 
(2.30) 
- - 
AAY3 
75.34 
(3.30) 
78.05 
(3.57) 
75.98 
(5.06) 
76.50 
(3.70) 
76.80 
(3.72) 
78.58 
(3.25) 
101.49 
(6.35) 
103.30 
(7.02) 
AAY4 
50.56 
(6.08) 
49.36 
(8.59) 
47.57 
(10.01) 
53.89 
(4.90) 
48.84 
(5.89) 
48.32 
(6.56) 
81.13 
(4.72) 
83.53 
(4.43) 
AAY5 
81.86 
(4.62) 
78.55 
(5.53) 
75.52 
(6.46) 
82.55 
(4.92) 
90.52 
(4.05) 
91.37 
(4.40) 
82.67 
(4.70) 
84.87 
(3.78) 
AAZ1 
-4.62 
(5.73) 
-4.55 
(6.06) 
-2.88 
(4.46) 
-5.46 
(7.17) 
-8.18 
(6.01) 
-12.83 
(5.92) 
-2.55 
(5.84) 
-6.42 
(5.84) 
AAZ2 
-13.59 
(3.98) 
-17.40 
(4.51) 
-15.51 
(3.37) 
-15.51 
(5.54) 
-17.62 
(5.62) 
-20.94 
(6.59) 
-18.34 
(5.01) 
-21.27 
(6.68) 
AAZ3 
4.82 
(6.66) 
7.70 
(8.05) 
7.32 
(7.23) 
5.60 
(6.79) 
3.53 
(8.32) 
1.09 
(7.75) 
0.25 
(5.76) 
-4.07 
(6.11) 
KAY1 
12.37 
(7.81) 
3.73 
(4.24) 
2.05 
(4.94) 
13.26 
(9.86) 
66.64 
(4.23) 
66.20 
(5.06) 
4.54 
(3.33) 
4.36 
(2.84) 
KAY2 
9.77 
(8.72) 
16.50 
(6.48) 
14.28 
(6.57) 
13.84 
(7.97) 
- - 
20.62 
(5.94) 
20.47 
(6.89) 
KAY3 
-2.35 
(5.30) 
0.07 
(5.34) 
1.22 
(5.67) 
-0.11 
(5.29) 
4.75 
(2.27) 
5.49 
(4.11) 
17.36 
(6.46) 
17.70 
(5.78) 
KAY4 
92.04 
(7.27) 
91.91 
(9.25) 
95.43 
(7.01) 
96.07 
(8.54) 
96.85 
(5.07) 
95.60 
(5.00) 
96.85 
(6.55) 
96.11 
(6.12) 
HAX1 
-2.25 
(3.91) 
-1.08 
(2.70) 
-1.90 
(3.72) 
-1.28 
(3.69) 
6.75 
(5.08) 
8.00 
(5.03) 
-4.38 
(3.25) 
-3.67 
(2.94) 
HAX2 
6.41 
(3.32) 
6.04 
(2.55) 
5.00 
(3.76) 
6.82 
(3.31) 
10.58 
(4.74) 
11.67 
(4.55) 
4.74 
(4.68) 
5.78 
(4.15) 
HAX3 
-7.94 
(2.48) 
-9.39 
(2.41) 
-10.14 
(2.98) 
-6.50 
(2.37) 
-7.16 
(2.46) 
-5.61 
(3.04) 
-3.05 
(7.14) 
-1.49 
(5.43) 
HAY1 
35.90 
(7.85) 
27.86 
(7.51) 
28.07 
(6.94) 
36.01 
(8.70) 
58.41 
(7.65) 
59.02 
(8.31) 
14.32 
(6.86) 
14.15 
(5.75) 
HAY2 
-17.55 
(6.54) 
-15.98 
(6.15) 
-16.83 
(6.20) 
-15.84 
(6.27) 
1.98 
(4.88) 
3.09 
(4.67) 
4.70 
(6.39) 
5.86 
(5.46) 
HAY3 
54.82 
(9.30) 
39.61 
(9.58) 
40.00 
(6.65) 
55.23 
(9.04) 
63.54 
(8.41) 
61.83 
(7.32) 
36.95 
(9.00) 
37.00 
(9.09) 
PAX1 
2.56 
(1.78) 
0.37 
(0.89) 
0.00 
(1.84) 
3.05 
(1.52) 
6.53 
(2.00) 
7.81 
(1.70) 
-3.59 
(1.60) 
-4.27 
(1.95) 
PAX2 
4.94 
(1.30) 
3.64 
(1.14) 
3.24 
(1.67) 
4.18 
(1.92) 
- - 
4.30 
(2.15) 
3.81 
(1.60) 
PAX3 
-3.69 
(1.21) 
-4.96 
(1.28) 
-4.17 
(1.93) 
-3.61 
(1.67) 
-8.43 
(1.20) 
-7.30 
(1.79) 
- - 
PAY1 
6.00 
(4.44) 
6.43 
(4.97) 
7.14 
(4.98) 
5.69 
(4.39) 
13.46 
(4.84) 
13.19 
(4.75) 
5.62 
(5.19) 
5.71 
(5.26) 
PAZ1 
9.08 
(3.64) 
7.89 
(3.91) 
8.80 
(4.13) 
9.78 
(2.93) 
-1.53 
(3.20) 
-0.87 
(2.44) 
2.77 
(3.80) 
3.24 
(4.19) 
PAZ2 
-5.95 
(4.30) 
-11.76 
(4.41) 
-12.58 
(3.84) 
-6.01 
(4.01) 
- - 
-2.71 
(3.50) 
-3.28 
(3.70) 
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The means (standard deviations) of the points of interest in lower joint moments (normalised by body 
mass, unit: Nm/kg) in the non-amputee group in obstacle crossing and stair ambulation are given in the 
table below. The definitions of the point of interest can be found in Section 6.3.2. 
Point 
Obstacle crossing 
swung the left leg over 
the obstacle first 
Obstacle crossing 
swung the right leg over 
the obstacle first 
Ascending stair Descending stair 
Left Right Left Right Left Right Left Right 
AMX1 
0.15 
(0.03) 
0.19 
(0.04) 
0.16 
(0.05) 
0.18 
(0.04) 
0.12 
(0.04) 
0.10 
(0.04) 
- - 
AMY1 
1.62 
(0.14) 
1.68 
(0.15) 
1.67 
(0.20) 
1.60 
(0.18) 
1.51 
(0.14) 
1.47 
(0.13) 
1.24 
(0.12) 
1.20 
(0.15) 
AMZ1 
0.25 
(0.15) 
0.28 
(0.11) 
0.23 
(0.12) 
0.28 
(0.10) 
0.28 
(0.14) 
0.44 
(0.18) 
0.38 
(0.09) 
0.39 
(0.12) 
KMY1 
0.07 
(0.27) 
0.47 
(0.29) 
0.34 
(0.24) 
0.21 
(0.30) 
0.85 
(0.20) 
0.94 
(0.18) 
0.39 
(0.25) 
0.45 
(0.32) 
KMY2 
-0.55 
(0.15) 
-0.40 
(0.16) 
-0.41 
(0.14) 
-0.51 
(0.15) 
-0.53 
(0.12) 
-0.44 
(0.19) 
0.67 
(0.23) 
0.83 
(0.29) 
KMY3 
-0.19 
(0.07) 
-0.33 
(0.07) 
-0.32 
(0.06) 
-0.18 
(0.07) 
-0.20 
(0.04) 
-0.21 
(0.04) 
- - 
HMX1 
0.68 
(0.16) 
0.83 
(0.13) 
0.74 
(0.13) 
0.74 
(0.16) 
0.74 
(0.18) 
0.68 
(0.14) 
0.80 
(0.19) 
1.07 
(0.30) 
HMX2 
0.68 
(0.14) 
0.72 
(0.13) 
0.66 
(0.10) 
0.74 
(0.09) 
0.59 
(0.16) 
0.55 
(0.24) 
0.64 
(0.19) 
0.82 
(0.14) 
HMX3 - 
-0.11 
(0.03) 
-1.54 
(5.21) 
- - - - - 
HMY1 
0.53 
(0.24) 
0.51 
(0.25) 
0.45 
(0.18) 
0.62 
(0.22) 
0.70 
(0.14) 
0.69 
(0.15) 
0.24 
(0.14) 
0.20 
(0.15) 
HMY2 
-0.71 
(0.17) 
-0.59 
(0.19) 
-0.57 
(0.16) 
-0.69 
(0.18) 
-0.24 
(0.06) 
-0.24 
(0.07) 
-0.27 
(0.11) 
-0.26 
(0.12) 
HMY3 
0.24 
(0.08) 
0.53 
(0.19) 
0.50 
(0.17) 
0.25 
(0.09) 
- - 
0.15 
(0.07) 
0.18 
(0.09) 
 
Symmetry parameters were not calculated for obstacle crossing. Mean values and standard deviations of the 
SIs (%) in spatial–temporal parameters, GRFs, pelvic and lower joint angles, and lower joint moments in 
the non-amputee group in stair ambulation are given in the table below. The definitions of the point of 
interest can be found in Section 6.3.2. 
Parameter/Point Ascending stair Descending stair Parameter/Point Ascending stair Descending stair 
Step Length 
1.72 
(5.73) 
0.32 
(4.60) 
KAY4 
-1.48 
(2.24) 
-0.74 
(3.35) 
Step Time 
-0.88 
(4.37) 
-2.71 
(5.12) 
HAY1 
0.94 
(5.47) 
5.35 
(34.34) 
Stance Time 
1.18 
(3.71) 
3.36 
(3.37) 
HAY2 
66.50 
(196.98) 
-3.19 
(81.28) 
Swing Time 
-1.86 
(5.51) 
-4.84 
(4.79) 
HAY3 
-0.90 
(3.52) 
0.23 
(8.40) 
GRFX1 
-1.34 
(17.99) 
0.72 
(11.62) 
AMY1 
-2.94 
(5.17) 
-3.44 
(9.52) 
GRFX2 
-1.38 
(14.25) 
-0.04 
(21.23) 
KMY1 
11.68 
(19.98) 
21.60 
(59.93) 
GRFZ1 
-0.36 
(4.19) 
-2.65 
(8.12) 
KMY2 
-25.92 
(45.22) 
21.83 
(27.24) 
GRFZ2 
-0.20 
(4.28) 
0.82 
(6.73) 
KMY3 
0.97 
(10.54) 
- 
AAY2 
0.69 
(3.00) 
- HMY2 
-0.13 
(31.54) 
-0.35 
(24.08) 
AAY3 
2.31 
(3.65) 
1.73 
(4.97) 
HMY3 - 
7.04 
(46.39) 
AAY4 
-0.85 
(8.29) 
2.93 
(5.23) 
 
  
AAY5 
0.48 
(2.78) 
2.68 
(4.93) 
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Mean values and standard deviations of the TSIs in joint angles in the non-amputee group in stair 
ambulation are given in the table below. 
Parameter Ascending stair Descending stair Parameter Ascending stair Descending stair 
Ankle angle – 
frontal plane 
0.96 
(0.02) 
0.95 
(0.04) 
Hip angle –  
frontal plane 
0.98 
(0.01) 
0.93 
(0.09) 
Ankle angle – 
sagittal plane 
0.99 
(0.01) 
0.99 
(0.01) 
Hip angle –  
sagittal plane 
1.00 
(0.01) 
0.99 
(0.01) 
Ankle angle –
transverse plane 
0.94 
(0.06) 
0.87 
(0.13) 
Hip angle – 
transverse plane 
0.93 
(0.06) 
0.87 
(0.13) 
Knee angle – 
frontal plane 
0.94 
(0.11) 
0.94 
(0.07) 
Pelvic angle – 
frontal plane 
0.99 
(0.00) 
0.98 
(0.01) 
Knee angle – 
sagittal plane 
1.00 
(0.00) 
0.99 
(0.01) 
Pelvic angle – 
sagittal plane 
0.72 
(0.20) 
0.74 
(0.17) 
Knee angle – 
transverse plane 
0.73 
(0.20) 
0.81 
(0.11) 
Pelvic angle – 
transverse plane 
0.82 
(0.16) 
0.83 
(0.18) 
 
Mean values and standard deviations of the TSIs in joint moments in the non-amputee group in stair 
ambulation are given in the table below. 
Parameter Ascending stair Descending stair Parameter Ascending stair Descending stair 
Ankle moment – 
frontal plane 
0.98 
(0.01) 
0.97 
(0.03) 
Hip moment – 
frontal plane 
0.99 
(0.01) 
0.98 
(0.02) 
Ankle moment – 
sagittal plane 
0.99 
(0.01) 
0.98 
(0.02) 
Hip moment – 
sagittal plane 
0.97 
(0.01) 
0.91 
(0.05) 
Ankle moment –
transverse plane 
0.87 
(0.24) 
0.88 
(0.14) 
Hip moment – 
transverse plane 
0.96 
(0.04) 
0.93 
(0.09) 
Knee moment – 
frontal plane 
0.92 
(0.09) 
0.96 
(0.04) 
GRF – 
anterior/posterior 
0.99 
(0.01) 
0.99 
(0.01) 
Knee moment – 
sagittal plane 
0.95 
(0.08) 
0.97 
(0.02) 
GRF – 
lateral/medial 
0.92 
(0.05) 
0.92 
(0.05) 
Knee moment – 
transverse plane 
0.97 
(0.04) 
0.93 
(0.05) 
GRF – 
vertical 
0.99 
(0.01) 
0.99 
(0.01) 
 
Mean values and standard deviations of the RARs in joint moments in the non-amputee group in stair 
ambulation are given in the table below. 
Parameter Ascending stair Descending stair Parameter Ascending stair Descending stair 
Ankle angle – 
frontal plane 
0.92 
(0.10) 
1.08 
(0.16) 
Hip angle –  
frontal plane 
1.02 
(0.17) 
1.05 
(0.25) 
Ankle angle – 
sagittal plane 
0.98 
(0.10) 
0.99 
(0.08) 
Hip angle –  
sagittal plane 
1.03 
(0.05) 
1.04 
(0.13) 
Ankle angle –
transverse plane 
0.81 
(0.22) 
0.82 
(0.24) 
Hip angle – 
transverse plane 
1.01 
(0.27) 
0.99 
(0.21) 
Knee angle – 
frontal plane 
0.90 
(0.20) 
0.87 
(0.31) 
Pelvic angle – 
frontal plane 
0.99 
(0.05) 
0.98 
(0.09) 
Knee angle – 
sagittal plane 
1.03 
(0.06) 
1.01 
(0.05) 
Pelvic angle – 
sagittal plane 
1.01 
(0.19) 
1.11 
(0.36) 
Knee angle – 
transverse plane 
1.05 
(0.26) 
1.07 
(0.34) 
Pelvic angle – 
transverse plane 
0.96 
(0.17) 
0.95 
(0.22) 
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Appendix XV. Pilot Data Collection Protocol for Trans-Femoral 
Amputees 
Purposes of the pilot collection in the osseo-amputee group and the socket prostheses user group 
· Establish the fixation of transducer (for osseointegrated prostheses user only). 
· Run through the data collection process and check logistical issues. 
· Collect pilot data for producing models and templates that will be used in subsequent data 
analysis. 
· Record any logisitical problems in the data collection process so that they may be 
addressed prior to the main data collection. 
Summary of activities at experiment day 
1 Experiment device preparation 30 minutes (participant does not need to be 
present) 
2 Introduction and administration 15 minutes 
3 Participant preparation 40 minutes (10 min. walking) 
4 Walking session 55 minutes (34 min. walking)  
5 Completion 40 minutes 
Total time 180 minutes (participant participates for 150 
minutes and walks for 44 minutes) 
 
1 Experiement device preparation 
Estimated time 30 minutes 
a. Turn on the air-conditioning/heating. Record room temperature. 
b. Check the computer, 3D motion capture system and force plates. Ensure the devices 
communicate with the cooperating software. If any problem is found with the computer or 
software, use the backup personal laptop. 
c. Calibrate the motion capture system and force plates. 
d. Ensure there are copies available of the information sheet, participant consent form, data 
record form and subject questionnaire. 
 
2 Introduction and administration  
 Estimated time 15 minutes  
 Proform the steps in 1.2 Introduction and administration. 
 
3  Participant preparation 
 Estimated time 40 minutes (10 minutes of walking for practice) 
a. Ask the participant to finish the Group A questions in the Subject Questionnaire. 
b. Record the type and model of prosthetic components being worn.  
c. (ONLY for osseointegrated participant) Ask the participant to doff the prosthesis. Ask the 
prosthetist to add the transducer to the prosthesis. Ask the participant to don the 
prosthesis. 
d. The participant will wear their commonly used shoes. Measure standing height with a 
free-standing measure in metres. Record weight from the digital scales in kg. 
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e. Measure and record the leg length, knee joint width, ankle width, forefoot width and 
forefoot height from the sound leg. Record necessary anthropometric measurements of 
the residual limb (the parameters for calculating volume of the residual limb). 
f. Place retro-reflective markers on participant’s body surface: sacrum, left and right ASIS, 
thigh wands, lateral femoral epicondyles, shank wands, lateral malleoli, heels and toes (on 
the shoe surface that estimates on the top at mid 1st and 5th metatarsal heads). Align the 
thigh and shank wand markers. 
g. Take sagittal and coronal photographs for reference. 
h. Ask the participant to stand at one force plate. Record a 10 second standing posture force 
capture. 
i. In the following sections, check the alinement of the body markers before recording 
different activities. If the markers need to be repositioned, record another standing posture 
capture. 
j. Ask the participant to walk in the lab for 10 minutes to establish confidence. After the 
participant feels safe and confident, ask the participant to practise walking on the marked 
pathway and add necessary ground marks to help the participant make ‘clean’ single foot 
only contact with the force plates. 
 
4  Walking session  
A. Level ground walking 
Estimated time 10 minutes (8 minutes of walking between breaks) 
A1. Normal Speed walking 
a. Ask the participant to perform 5 trials of level ground walking on the asked pathway (10 
metres in length) at a self-selected comfortable speed. 
 
A2. Faster speed walking 
b. Ask participant to perform 5 trials of level ground walking on the asked pathway at a 
faster speed that the participant finds acceptable. 
Rest for 2 minutes. 
c. Ask the participant to finish the relevant Group B questions in the Subject Questionnaire. 
 
B. Obstacle crossing 
Estimated time 10 minutes ( 8 minutes of walking between breaks) 
a. While the participant rests, arrange the obstacle (0.1 m in height, 0.1 m in depth, 1 m in 
width) on the pathway. 
b. Ask the participant to practice going over the obstacle with different leading legs to 
establish confidence. If the participant is not confident, they could choose to leave the 
study or move to next sub-walking session. 
c. Ask the participant to perform 5 trials of obstacle crossing leading with the leg that they 
feel more safe and confident with. 
d. Only if the participant accepts, ask them to perform 5 trials of obstacle crossing leading 
with the other leg. 
Rest for 2 minutes. 
e. Ask the participant to finish the relevant Group B questions in the subject Questionnaire. 
 
C. Slope walking 
Estimated time 25 minutes (10 minutes of walking between breaks) 
C1. Inclined walking 
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a. While the participant rests, arrange the uphill/downhill slope platforms (set to 5°, 6 metres 
in length) and handrails on the pathway. 
b. Ask participant to walk freely on the slope to establish confidence. If the participant is not 
confident, they could choose to leave the study or move to next sub-walking session. 
c. Ask participant to perform 5 trials of slope walking (walk uphill, stop and turn around, 
walk downhill) on the asked pathway at a comformable speed that the participant enjoys. 
Rest for 2 minutes. 
C2. Camber walking 
d. While the participant rests, arrange the camber slope walking (set to 2.5°,  6 metres in 
length) platforms on the pathway. 
e. Ask the participant to walk freely on the slope to establish confidence. If the participant is 
not confident, they could choose to leave the study or move to next sub-walking session. 
f. Ask the participant to perform 10 trials of ‘go-through’ slope walking (walk through the 
slope from two different directions, 5 trials of each) on the asked pathway at a self-
selected comfortable speed. 
Rest for 2 minutes. 
g. Ask the participant to finish the relevant Group B questions in the Subject Questionnaire. 
 
D. Stair ascending/descending 
Estimated time 10 minutes (8 minutes of walking between breaks) 
a. While the participant rests, arrange the stairs (step rise of 18 mm, tread of 300 mm, 5 
steps in total) and handrails on the pathway. 
b. Ask the participant to walk freely on the platforms to establish confidence. If the 
participant is not confident, they could choose to leave the study or move to next session. 
c. Ask the participant to perform 5 trials of stair ascending/descending (ascend stairs, stop 
and turn, desend stairs) at a self-selected comfortable speed. 
d. Ask the participant to finish the relevant Group B questions in the Subject Questionnaire. 
 
5 Completion 
 Estimated time 40 minutes  
a. On completion, or at any time that the participant chooses to withdraw from the study, 
remove the markers. 
b. Ask the participant to doff the prostheses. 
c. (ONLY for osseointegrated participant) Ask the prosthetist to remove the transducer. 
d. Note the type and model of participant’s commonly used prosthetic components. 
e. Ask the prosthetist to fit the prosthetic foot that is going to be tested in the first 
experimental day of the main collection (then the participant will not need to attend the 
fiiting day of the main collection). 
f. While assembling, measure and record the necessary segment parameters of the prosthesis 
(mass and length of each segment, maximum ROM at each prosthetic joint, parameters 
for determining the center of mass of each segment). 
g. Ask the participant to don the prostheses. 
h. Ask participant to change back into their normal clothes. 
i. Provide an opportunity for the participant to discuss the study with the research team and 
view any video images and data if they are interested. 
j. Participant is free to leave the study. 
k. Secure video and photographic data and check anonymity is retained on the recording 
sheet. 
l. Make a copy of the data. 
m. Remove the platforms from the force plates. Turn off all equipment. 
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Appendix XVI. NHS Ethics Committee Approval Document 
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Appendix XVII. Participant Information Sheet for Trans-Femoral 
Amputee Group 
Title of Study: 
Comparison of Conventional and Osseointegrated Amputee Prosthetic Gait when using Two 
Different Prosthetic Ankles/Feet 
You are being invited to take part in a research study being conducted at the Douglas 
Bader Rehabilitation Centre, Queen Mary’s Hospital and the Centre for Biomedical 
Engineering, University of Surrey. Before you make a decision, it is important for you to 
understand why the research is being done and what it will involve. Please take time to 
read the following information carefully. Please ask us if there is anything that is not clear 
or if you would like more information. Take time to decide whether or not you wish to 
take part. Thank you for reading this. 
 
What is the purpose of the study? 
The purpose of the study is to investigate how the walking patterns of conventional and 
osseointegrated trans-femoral amputees are influenced by two types of prosthetic 
ankles/feet in different common daily activities. 
 
Osseointegration is a surgical technique that allows direct connection between a 
prostheses and bone. Conventional prostheses users attach the prostheses to their stump 
using a socket. Osseointegrated amputees have a titanium implant in the cavity of the 
femur and a coupling device, the abutment, is inserted into the implant and protrudes 
through the soft tissue at the end of the thigh so that the external prosthesis can attach to 
the implant system (Figure 1). Unlike traditional amputation treatments, that have been 
widely applied, osseointegration is still a developing technique and studies on the impact 
of the technique on walking activities are limited. 
 
 
Figure 1. Schematic drawing of non-amputee (A), socket prosthesis (B) and osseointegrated prosthesis (C). 
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In this study, we will collect gait data from a non-amputee group, a conventional socket-
amputee group and an osseo-amputee group. The data from amputees will be collected 
with two types of prosthetic ankles/feet that provide different ROM at the ankle. We 
expect this study will provide a greater awareness of the changes in gait between the two 
methods of prosthetic limb attachment and further insight into the clinical relevance of 
prosthetic ankles/feet. 
 
Why have I been invited? 
We wish to recruit subjects with osseointegrated prostheses and for comparative 
purposes, we also require subjects that use a conventional socket prostheses. We would 
like to recruit five subjects into the osseointegrated prostheses group and twelve subjects 
into the socket prostheses group. 
 
You are suitable for inclusion in the trial if you wish to be, if you fulfill the selection 
criteria: 
 Unilateral trans-femoral amputee who has finished their rehabilitation program. 
 Over the age of 18. 
 Have no outstanding issues with the prosthesis fit or stump (You may need to have a 
review with your prosthetist before you make the decision.) 
 Be able to walk at least 50 metres without walking aids except to improve confidence in 
adverse terrain or weather. 
 Able to negotiate ramps and stairs without any additional walking aids. 
 Without other known motor impairments or injuries that limit your movement. 
 Without uncorrected visual, auditory or vestibular impairment that affects balance, 
walking or the ability to follow and respond to verbal instructions. 
 Are not recently, or are currently, involved in another similar research project related to 
prosthetic feet (ankles). 
 
Do I have to take part? 
No. Taking part is entirely voluntary. It is up to you to decide whether or not take part. If 
you do decide to take part you will be given this information sheet to keep and be asked 
to sign a consent form. If you decide to take part you are still free to withdraw at any time 
and without giving a reason with no adverse consequences on your continuing clinical 
support. 
 
What will happen to me if I take part? 
Your involvement in the study will require one visit to the Douglas Bader Rehabilitation 
Centre, Queen Mary’s Hospital for fitting the first prosthetic ankle and two visits to the 
University of Surrey campus in Guildford for data collection. We will contact you to 
make appointments for your visits. They will be arranged at the date and time that is 
convenient for you.  Please bring a pair of shorts with you when you visit the University 
(for motion capture, Lycra shorts can be provided if you do not have these available). 
 
During your visit to the Hospital, we will give you an overview of the project and answer 
any questions you have. You will be provided the consent form to complete and will be 
given a copy of the consent form to keep. Then we will ask you to remove your prosthesis 
and we will record the type and model of your prosthetic components. The prosthetist will 
fit the first prosthetic ankle to your prosthesis. We will measure and record a number of 
mechanical parameters from your prosthesis while it is being assembled (these parameters 
are required for data analysis and the measurement will not damage your prosthesis). 
Then you can put on the prosthesis, check that the limb is functioning correctly and then 
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if all is working to your satisfaction that will be the end of the session. This visit will take 
about 60 minutes. You will be given at least 4 weeks to become familiar with the new 
prosthetic ankle. 
 
During your visit to the University for data collection during walking activities, we will 
introduce you the project again and answer any questions you have. 
 
We will then give you a questionnaire to complete for evaluation of the prosthetic ankle 
you have been wearing. 
 
We will then ask you to change into appropriate clothing (the shorts you bring or the 
Lycra shorts we can provide). You will wear your commonly used shoes. If you are an 
osseointegrated prosthesis user, we will ask you to remove your prosthesis and the 
prosthetist will add a device (transducer) that measure forces, to your prosthesis between 
the abutment and the prosthetic knee (Figure 2). Then you can attach your prosthesis. 
Socket prostheses users will not have this device fitted due to lack of space between the 
socket and the knee. 
 
 
Figure 2. Transducer and the position in which it will be placed. 
 
We will then take measurements of your height and weight, and leg length, knee joint 
width, ankle width, forefoot width and forefoot height of each leg. These parameters are 
required for building the skeletal model in subsequent data analysis. After that, we will 
attach retro-reflective markers (small reflective balls) on your skin to your waist, thigh, 
knee, shank, ankle and feet using hypoallergenic double sided tape (Figure 3). The 
position of these markers will be ‘captured’ by 8 cameras while you walk. Photographs of 
the marker setup will be taken and we will also record a 10 second stand for reference. 
 
 
Figure 3. Reflective markers and the positions they will be placed. 
 
Afterwards you will be asked to walk on different terrains outlined below. As we want to 
collect the force you apply on the floor, you will need to make ‘clean’ single foot only 
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contact with the force plates on the ground. You will be given time for practise before the 
walking data is collected. Rests will be given between the different activities and you can 
ask for extra rest at any time during the test. You will be given a very short questionnaire 
to complete after each activity. The activities are: 
 
Level ground walking (10 metres in length): 
 Walk at your comfortable normal speed 5 times. 
 Walk at your comfortable fast speed 5 times. 
 
Obstacle crossing (the obstacle is 0.1 metres in height and in depth): 
 Walk and cross over the obstacle leading with the leg you prefer 5 times. 
 Walk and cross over the obstacle leading with the other leg if possible 5 times. 
  
Slope walking (two kinds of slopes will be tested, one is 5° in incline and the other one 
has a 2.5° camber, both are 6 metres in length): 
 Walk uphill, stop and turn, and then walk downhill 5 times. 
 Walk across the camber slope 10 times (5 times in each direction). 
 
Stair ascending/descending (step rise of 0.18 metres, tread of 0.3 metre, 5 steps in total): 
 Ascend the stairs, stop and turn, and then descend the stairs 5 times. 
 
Following the measurements, we will remove the markers. We will ask you to remove the 
prosthesis and the prosthetist will remove the transducer if fitted. If this is your first visit 
to the University, the prosthetist will fit your prosthesis with the second type of prosthetic 
ankle and you will have at least another 4 weeks to become familiar with the new ankle 
before your next visit to the University. If this is your second visit, the prosthetist will fit 
your prosthesis with your original prosthetic ankle. Then you can change back into your 
own clothes and attach your prosthesis. We will show you your video images and data if 
you are interested. Each visit to the University will last approximately 2 hours and 30 
minutes and your walking time will be about 44 minutes. 
 
Travel expenses up to £50 for per visit can be reimbursed from the University; please 
keep bus or train ticket receipts if appropriate. 
 
For each group, we would like to have a subject to join a pilot data collection to go 
through the data collection process and check for any logistical issues. If you agree to 
attend the pilot data collection, you will go to the University and run through the data 
collection with your own prosthetic ankle firstly. At the end of the pilot data collection, 
the prosthetist will provide you with the first type of prosthetic ankle so you will not need 
to go to the Hospital for fitting. Then you will be asked to attend for the other two 
experimental visits. We will discuss participation in the pilot study with you following 
your expression of interest in the project. 
 
What are the possible disadvantages and risks of taking part? 
All activities that will be tested in the research are considered as being commonly 
performed on a daily basis. However, as falling is a key concern, we will try to minimise 
this risk. Therefore you will be asked to use each prosthetic ankle/foot for at least 4 weeks 
before testing to allow adequate familiarisation time. You will be asked to bring and use 
the shoes that you commonly use. The dimensions of the slopes, stairs and handrails are 
based on the British Standards Publication ‘Design of buildings and their approaches to 
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meet the needs of disabled people - Code of practice’. We will give you time to practise 
before each walking activity and we will not start to collect data until you feel safe and 
confident to continue. We will not ask you undertake the walking activities that you do 
not want to perform no matter what your reason is.  
 
What are the possible benefits of taking part? 
There will be no direct benefit to you from taking part in the study, except a chance to 
experience two different prosthetic ankles/feet (you will not be able to keep the prosthetic 
ankles/feet that you use in this study after the data collection has ended). However, the 
data collected from you will be very useful for studying osseointegrated prosthetic gait 
and evaluating the prosthetic ankles/feet used in this study. 
 
What will happen if I don’t want to carry on with the study? 
You are free to withdraw at any time without giving any reason, without your medical 
care or legal rights being affected. If you are using the prosthetic ankle/foot that was 
provided for the research when you decide to withdraw, we will arrange an appointment 
for you at either the Hospital or the University to return the ankle/feet component. The 
prosthetist will then fit your prosthesis with your original components. We will destroy all 
your identifiable materials, but we may still use the unidentifiable data collected up to 
your withdrawal. 
 
What if something goes wrong? 
You are expected to comply with instructions given to you during the study and to co-
operate fully with the investigators. You should inform us immediately if you suffer any 
deterioration of any kind in your health and well-being, or experience any unexpected or 
unusual symptoms. However, you will be free to withdraw from the study at any time 
without needing to justify your decision and without prejudice.  
 
Advanced first aid facilities are available if required in the event of an emergency (such 
as cardiac arrest). A medical emergency is unlikely to occur as a result of this study. 
 
The University of Surrey holds two types of insurance to cover claims arising from its 
involvement in clinical trials: liability and no-fault. The liability policies cover the 
University against liability claims (i.e. where the University is at fault). The no-fault 
policy is intended to provide compensation to subjects, regardless of liability, in the event 
of their suffering a significant and enduring injury (including illness and disease) which, 
on the balance of probabilities, is directly attributable to their involvement in the trial.  
 
In the event of you suffering a significant and enduring injury (including illness or 
disease) as a direct result of participation in the study, compensation may be paid by the 
University subject to certain provisos and limitations.  The amount of compensation will 
be appropriate to the nature, severity and persistence of the injury and will, in general 
terms, be consistent with the amount of damages commonly awarded for similar injury by 
an English court in cases where the liability has been admitted. 
 
If you wish to complain about any aspect of the way you have been approached or treated 
during the course of this study please contact Prof. David Ewins. The normal University 
of Surrey complaints mechanisms may be available to you. 
 
Will my taking part in this study be kept confidential? 
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We may use your photographs for teaching and presenting the research. There are 
detailed sections on the consent form for you to give permission for this or not as you 
wish. If you do consent we can cover your face in any photographs so that you remain 
anonymous. All information that is collected about you during the course of this research 
will be kept strictly confidential and any information about you that leaves the University 
will have your name removed so that you cannot be recognised from it. 
 
You GP will not need to be contacted concerning your participation in this study. 
 
What will happen to the results of the research study? 
The data will be collected and analysed by Xuefei Bai, who will have received 
appropriate training. You will receive a summary of the study conclusions within 3 
months after all data collection has been completed. The results of the work may be 
submitted for publication in academic journals. Should this happen, you will be identified 
only by a code, the key to which will be held in a secure location by the research team. 
Other use of identifiable data will conform to your wishes as given in the consent form. 
 
Who is organising and funding the research?  
This research is funded by the University of Surrey. No payment is being made to the 
investigators for running this study.  
 
Xuefei Bai is a PhD researcher at the University of Surrey, under the supervision of Dr 
Xu, Prof Ewins and Prof Crocombe. She has 6 years of experience in biomedical 
engineering.  
 
Dr Wei Xu is a senior lecturer at the University of Surrey. He has more than 10 years 
experience in studies on implants for trans-femoral osseointegrated percutaneous 
attachment of prosthetic limbs. 
 
Prof David Ewins is a Consultant Clinical Scientist at the Douglas Bader Rehabilitation 
Centre, Queen Mary’s Hospital. He has more than 25 years experience in rehabilitation 
engineering.  
 
Prof Andrew Crocombe is a professor of structural mechanics at the University of Surrey. 
He also has more than 10 years experience in studies on implants for trans-femoral 
osseointegrated percutaneous attachment of prosthetic limbs. 
 
Who has reviewed the study? 
This study has been reviewed and received a favourable ethical opinion from the National 
Research Ethics Service and the University of Surrey Ethics Committee. 
  
Appendices 
 
303 
Contact details of researchers 
 Xuefei Bai Prof David Ewins 
Tel: 01483 68 4572 0208 487 6014 
Email: x.bai@surrey.ac.uk  david.ewins@nhs.net 
Address: 
 
Centre for Biomedical Engineering 
FEPS 
University of Surrey 
Guildford  
SURREY 
GU2 7XH 
 
Gait Laboratory 
Douglas Bader Rehabilitation Centre 
Queen Mary’s Hospital 
London 
SW15 5PN 
 Dr Wei Xu Prof Andrew Crocombe 
Tel: 01483 68 2368 01483 68 9194 
Email: w.xu@surrey.ac.uk a.crocombe@surrey.ac.uk 
 Centre for Biomedical Engineering 
FEPS 
University of Surrey 
Guildford  
SURREY 
GU2 7XH 
Dept MES (J5) 
FEPS 
University of Surrey 
Guildford 
SURREY 
GU2 7XH 
 
Should you have any questions regarding this study please contact any of the 
investigators.  
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Appendix XVIII. Main Data Collection Protocol for Trans-Femoral 
Amputees 
Purposes of the main collection in the conventional trans-femoral amputees’ group 
· Investigate the effects of hydraulic prosthetic ankles/feet compared with fixed ankles/feet 
when ambulating over different terrains. 
· Investigate the effects of the changes in ROM and resistance setting of hydraulic 
prosthetic ankles during slope ambulation 
· Given the data above, review the strategies the active TFAs use to adapt to different 
walking conditions. 
 
Summary of activities at experiment day 
1 Experiment device preparation 30 minutes (participant does not need to be 
present) 
2 Introduction and administration 15 minutes 
3 Participant preparation 40 minutes (10 min. walking) 
4 Walking session 1 45 minutes (24 min. walking)  
5 Change prosthetic ankle/foot 1 30 minutes (10 min. walking) 
6 Walking session 2 10 minutes (8 min. walking) 
7 Change prosthetic ankle/foot 2 30 minutes (10 min. walking) 
8 Lunch break 60 minutes 
9 Walking session 3 45 minutes (24 min. walking) 
10 Completion 40 minutes 
Total time 345 minutes (participant participates for 305 
minutes and walks for 86 minutes) 
 
1 Experiement device preparation 
Estimated time 30 minutes 
a. Turn on the air-conditioning/heating. Record room temperature. 
b. Check the computer, 3D motion capture system and force plates. Ensure the devices 
communicate with the cooperating software. If any problem is found with the computer or 
software, use the backup personal laptop. 
c. Calibrate the motion capture system and force plates. 
d. Ensure there are copies available of the information sheet, participant consent form, data 
record form and subject questionnaire. 
 
2 Introduction and administration  
 Estimated time 15 minutes  
a. Welcome participant to the Centre. Explain the study and process.  
b. Participants not eligible will leave the study. If the criteria are met provide an opportunity 
to re-read the information sheet away from the research team. 
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c. Discuss the study with the participant and answer any further questions they have. If the 
participant understands and agrees to participate, provide a consent form for them to 
complete. 
d. Following receipt of informed consent, ask participants to change into close fitting shorts 
(either their own, or Lycra shorts provided), for the purposes of examination and motion 
capture. 
e. In the following sections, the participant can have extra rest whenever they feel tired or 
leave the experiment if they do not feel able to continue for any reason. 
 
3  Participant preparation 
 Estimated time 40 minutes (10 minutes of walking for practice) 
a. Record the type and model of prosthetic components being worn.  
b. (ONLY for osseointegrated participant) Ask the participant to doff the prosthesis. Ask the 
prosthetist to add the transducer to the prosthesis. Ask the participant to don the 
prosthesis. 
c. Ask prosthetist to fix the first model of the prosthetic ankle/foot with subject’s prosthesis. 
If subject’s commonly used prosthetic ankle/foot contained articulated ankle joint, then 
the Esprit foot will be used as the first prosthetic ankle/foot. Otherwise, use Echelon foot 
as the first prosthetic ankle/foot. 
d. The participant will wear their commonly used shoes. Measure standing height with a 
free-standing measure in metres. Record weight from the digital scales in kg. 
e. Measure and record the leg length, knee joint width, ankle width, forefoot width and 
forefoot height from the sound leg. Record necessary anthropometric measurements of 
the residual limb (the parameters for calculating volume of the residual limb). 
f. Place retro-reflective markers on participant’s body surface: sacrum, left and right ASIS, 
thigh wands, lateral femoral epicondyles, shank wands, lateral malleoli, heels and toes (on 
the shoe surface that estimates on the top at mid 1st and 5th metatarsal heads). Align the 
thigh and shank wand markers. 
g. Take sagittal and coronal photographs for reference. 
h. Ask the participant to stand at one force plate. Record a 10 second standing posture force 
capture. 
i. In the following sections, check the alinement of the body markers before recording 
different activities. If the markers need to be repositioned, record another standing posture 
capture. 
j. Ask the participant to walk in the lab for at least 10 minutes to establish confidence. After 
the participant feels safe and confident, ask the participant to practise walking on the 
marked pathway and add necessary ground marks to help the participant make ‘clean’ 
single foot only contact with the force plates. 
 
4  Walking session 1 
Estimated time 45 minutes (24 minutes of walking between breaks) 
A. Level ground walking 
Estimated time 10 minutes (8 minutes of walking between breaks) 
A1. Normal speed walking 
a. Ask the participant to perform 5 trials of level ground walking on the asked pathway (10 
metres in length) at a self-selected comfortable speed. 
 
A2. Faster speed walking 
b. Ask participant to perform 5 trials of level ground walking on the asked pathway at a 
faster speed that the participant finds acceptable. 
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Rest for 2 minutes. 
c. Ask the participant to finish the relevant Group A questions in the Subject Questionnaire. 
 
B. Camber walking 
Estimated time 15 minutes (8 minutes of walking between breaks) 
B1. Camber walking with left side higher and B2. Camber walking with right side higher 
a. While the participant rests, arrange the camber slope walking (set to 2.5°,  6 metres in 
length) platforms on the pathway. 
b. Ask the participant to walk freely on the slope to establish confidence. If the participant is 
not confident, they could choose to leave the study or move to next sub-walking session. 
c. Ask the participant to perform 10 trials of camber walking (walk through the slope from 
two different directions, 5 trials of each) on the asked pathway at a self-selected 
comfortable speed. 
Rest for 2 minutes. 
d. Ask the participant to finish the relevant Group A questions in the Subject Questionnaire. 
 
C. Slope ascending/descending 
Estimated time 20 minutes (8 minutes of walking between breaks) 
C1. Ascending slope and C2. Descending slope 
a. While the participant rests, arrange the uphill/downhill slope platforms (set to 5°, 6 metres 
in length) and handrails on the pathway. 
b. Ask participant to walk freely on the slope to establish confidence. If the participant is not 
confident, they could choose to leave the study or move to next sub-walking session. 
c. Ask participant to perform 5 trials of slope walking (walk uphill, stop and turn around, 
walk downhill) on the asked pathway at a comformable speed that the participant enjoys. 
Rest for 2 minutes. 
d. Ask the participant to finish the relevant Group A questions in the Subject Questionnaire. 
 
5  Change prosthetic ankle/foot 1 
Estimated time 30 minutes (10 minutes of walking between breaks) 
a. While the participant rests, ask prticipant to finish the relevant Group B questions in the 
Subject Questionnaire regarding the first prosthetic ankle/foot. 
b. Ask prosthetist to fix the Elan prosthetic ankle/foot with subject’s prosthesis. 
c. Ask the participant to walk in the lab for at least 10 minutes to establish confidence. 
 
6  Walking session 2 
Estimated time 10 minutes (8 minutes of walking for practice) 
a. Repeat walking session 1 – C. Ask prosthetist to change the setting regarding different 
walking conditions (ascending or descending slope) before each trial. 
 
7  Change prosthetic ankle/foot 2 
Estimated time 30 minutes (10 minutes of walking between breaks) 
a. While the participant rests, ask prticipant to finish the relevant Group B questions in the 
Subject Questionnaire regarding the Elan prosthetic ankle/foot. 
b. Ask prosthetist to fix the third prosthetic ankle/foot with subject’s prosthesis. 
c. Ask the participant to walk in the lab for at least 10 minutes to establish confidence. 
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8  Lunch break 
Estimated time 60 minutes 
 
9  Walking session 3 
Estimated time 45 minutes (24 minutes of walking for practice) 
a. Repeat walking session 1 – C. 
b. Repeat walking session 1 – A. 
c. Repeat walking session 1 – B. 
d. Ask prticipant to finish the relevant Group B questions in the Subject Questionnaire 
regarding the third prosthetic ankle/foot. 
 
10 Completion 
 Estimated time 40 minutes  
a. On completion, or at any time that the participant chooses to withdraw from the study, 
remove the markers. 
b. Ask the participant to doff the prostheses. 
c. (ONLY for osseointegrated participant) Ask the prosthetist to remove the transducer. 
d. Ask the prosthetist to fit the subject’s own prosthetic foot. 
e. Ask the participant to don the prostheses. 
f. Ask participant to change back into their normal clothes. 
g. Provide an opportunity for the participant to discuss the study with the research team and 
view any video images and data if they are interested. 
h. Participant is free to leave the study. 
i. Secure video and photographic data and check anonymity is retained on the recording 
sheet. 
j. Make a copy of the data. 
k. Remove the platforms from the force plates. Turn off all equipment. 
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Appendix XIX. Graphs of Kinematic and Kinetic Patterns from 
Conventional Trans-Femoral Amputee Group 
The mean curves of the kinematic and kinetic patterns in conventional TFA group in (1) level 
ground normal speed walking, (2) level ground fast speed walking, (3) camber walking with 
prosthetic side higher, and (4) camber walking with intact side higher are given below. The mean 
curves from non-amputees in level ground normal speed walking are used to demonstrate 
normative patterns. 
 
Parameters Prosthetic side Intact side 
Anterior/posterior GRF 
(+ve posterior) 
  
Lateral/medial GRF 
(+ve medial) 
  
Vertical GRF 
(+ve up) 
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Ankle inversion/eversion 
(+ve inversion) 
  
Ankle 
dorsiflexion/plantarflexion 
(+ve dorsiflexion) 
  
Ankle adduction/abduction 
(+ve adduction) 
  
Knee adduction/abduction 
(+ve adduction) 
  
Knee flexion/extension 
(+ve flex) 
  
Knee internal/external 
rotation 
(+ve flex) 
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Hip adduction/abduction 
(+ve adduction) 
  
Hip flexion/extension 
(+ve flexion) 
  
Hip internal/external 
rotation 
(+ve internal) 
  
Pelvic obliquity 
(+ve up) 
  
Pelvic tilt 
(+ve sacrum up) 
  
Pelvic horizontal rotation 
(+ve internal) 
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Ankle invertor/evertor 
(+ve evertor) 
  
Ankle 
dorsiflexor/plantarflexor 
(+ve plantarflexior) 
  
Ankle adductor/abductor 
(+ve abductor) 
  
Knee adductor/abductor 
(+ve abductor) 
  
Knee flexor/extensor 
(+ve extensor) 
  
Knee internal/external 
rotator 
(+ve external rotator) 
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Hip adductor/abductor 
(+ve abductor) 
  
Hip flexor/extensor 
(+ve extensor) 
  
Hip internal/external 
rotator 
(+ve external rotator) 
  
 
The mean curves of the kinematic and kinetic patterns in conventional TFA group in (1) 
ascending slope and (2) descending slope are given below. The mean curves from non-amputees 
in slope ambulation are used to demonstrate normative patterns. 
 
Parameters Prosthetic side Intact side 
Anterior/posterior GRF 
(+ve posterior) 
  
Lateral/medial GRF 
(+ve medial) 
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Vertical GRF 
(+ve up) 
  
Ankle inversion/eversion 
(+ve inversion) 
  
Ankle 
dorsiflexion/plantarflexion 
(+ve dorsiflexion) 
  
Ankle adduction/abduction 
(+ve adduction) 
  
Knee adduction/abduction 
(+ve adduction) 
  
Knee flexion/extension 
(+ve flex) 
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Knee internal/external 
rotation 
(+ve flex) 
  
Hip adduction/abduction 
(+ve adduction) 
  
Hip flexion/extension 
(+ve flexion) 
  
Hip internal/external 
rotation 
(+ve internal) 
  
Pelvic obliquity 
(+ve up) 
  
Pelvic tilt 
(+ve sacrum up) 
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Pelvic horizontal rotation 
(+ve internal) 
  
Ankle invertor/evertor 
(+ve evertor) 
  
Ankle 
dorsiflexor/plantarflexor 
(+ve plantarflexior) 
  
Ankle adductor/abductor 
(+ve abductor) 
  
Knee adductor/abductor 
(+ve abductor) 
  
Knee flexor/extensor 
(+ve extensor) 
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Knee internal/external 
rotator 
(+ve external rotator) 
  
Hip adductor/abductor 
(+ve abductor) 
  
Hip flexor/extensor 
(+ve extensor) 
  
Hip internal/external 
rotator 
(+ve external rotator) 
  
 
 
